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 ABSTRACT 
The peripheral nervous system: From molecular mechanisms to non-invasive therapeutics 
Benjamin U. Hoffman 
The peripheral nervous system (PNS) is composed of a diverse array of neurons that mediate 
sensation. This includes sensory circuits that encode external stimuli, as well as circuits that 
provide information flow from our internal organs. My PhD training has focused on addressing 
two questions: 1) what molecular mechanisms underlie this functional diversity, and 2) can we 
engineer non-invasive therapeutics to modulate PNS activity? To study the molecular mechanisms 
of sensory function, I employed the Merkel-cell neurite complex as a model system. Merkel cells 
are mechanosensory epidermal cells that have long been proposed to activate neuronal afferents 
through chemical synaptic transmission. RNA sequencing of adult mouse Merkel cells 
demonstrated that they express presynaptic molecules and biosynthetic machinery for adrenergic 
transmission. Moreover, live-cell imaging showed that Merkel cells mediate activity- and VMAT-
dependent release of fluorescent catecholamine neurotransmitter analogues. Touch-evoked firing 
in Merkel-cell afferents was inhibited either by silencing of SNARE-mediated vesicle fusion from 
Merkel cells or by neuronal deletion of b2-adrenergic receptors. Next, to develop non-invasive 
technologies for peripheral nerve modulation, I employed targeted focused ultrasound (FUS) 
stimulation and electrophysiology to record activity of individual mechanosensory neurons. 
Parameter space exploration showed that stimulating neuronal receptive fields with high-intensity, 
millisecond FUS sonication reliably and repeatedly evoked action potentials in peripheral neurons. 
FUS elicited action potentials with latencies comparable to electrical stimulation, demonstrating 
both speed and reliability of the technique. Lastly, I show that peripheral neurons can be both 
excited by FUS stimulation targeted to either skin receptive fields or peripheral nerve trunks, a key 
finding that increases the therapeutic range of FUS-based peripheral neuromodulation. 
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CHAPTER I: INTRODUCTION 
 
The peripheral nervous system (PNS) is the functional conduit through which vertebrates sense 
their external and internal environments. Over 100 years ago Charles Sherrington, who later won 
the Nobel Prize for work on the neural circuits of motor reflexes, proposed that sensory perception 
can be classified into three categories: exteroception, proprioception, and interoception 
(Sherrington, 1906). Exteroception, or the sensation of external stimuli, encompasses the 
Aristotelian senses of audition, olfaction, somatosensation, vision, and gustation, as well as the 
sense of balance and spatial orientation detected by the vestibular system. Proprioception is the 
sensation of limb position, which is conferred by stretch receptors within muscle and joints (Jones, 
1994). Interoception encompasses sensory information from our internal organs, which includes 
visceral organs, such as our lungs, heart, and gastrointestinal system, as well as immune organs 
such as the spleen (Bonaz et al., 2017; Quadt et al., 2018). Together, these systems form critical 
sensory circuits that not only enable vertebrates to interact with and navigate through their external 
environments, but also to monitor and regulate the function of internal organs. Indeed, pathologies 
of the PNS, such as peripheral neuropathy, incur significant health effects, which can range from 
disabling to fatal (Hughes, 2002). Given the diversity in function of the PNS, one obvious question 
is: what differential molecular machinery or functional anatomy enables sensory receptors to 
encode distinct information? This chapter will introduce some of the specialized cells that interact 
with peripheral sensory neurons, which together confer transduction of sensory information. I will 
then review the molecular machinery that sensory cells and neurons use to mediate fast 
communication. Next, the peripheral and central circuitry that underlies exteroception and 
interoception is outlined. Lastly, I will discuss some of the cellular and molecular pathways 
employed by peripheral neurons to monitor and regulate organ function, and I will introduce the 
burgeoning field of therapeutics designed to modulate these neural circuits. 
  2 
SPECIALIZED EPITHELIA 
Peripheral neurons project from ganglia outside of the central nervous system (CNS) to 
innervate broad and diverse targets. At sites of peripheral innervation, these neurons are 
surrounded by a host of non-neural cell types, including immune cells, fibroblasts, Schwann cells, 
as well as epithelial cells, which are now known to have complex, specialized interactions with 
neurons. Broadly, the function of epithelial cells is to form a barrier between organisms and the 
external environment. Thus, simple or stratified epithelial cells line external and luminal surfaces 
of organs, such as the skin or the lumen of the gastrointestinal tract, and disruption of these tissues 
results in critical compromise of organ function (Bragulla and Homberger, 2009). These epithelial-
lined organs are directly exposed to the external environment, and consequently represent ideal 
tissues to encode sensory stimuli. In 1880 the anatomist Friedrich S. Merkel predicted that all 
sensory systems are composed of epithelial cells and sensory nerves, which together transform 
environmental cues into neural signals that trigger our rich sensory experiences (Merkel, 1880). 
Indeed, many of our exteroceptive, as well as some interoceptive, senses rely on specialized 
epithelial cells that are essential for sensory function.  
Hair cells 
Perhaps the most well-studied of vertebrate sensory epithelial cells is the hair cell. Thousands 
of these mechanosensory epithelial cells pattern the luminal surfaces or specialized organs within 
the inner ear, and are essential components of the auditory and vestibular systems (Fig. 1.1). Hair 
cells are organized into two functional subtypes: inner hair cells and outer hair cells (Retzius, 
1884). Inner hair cells are arranged in a single row, and are the primary cell that detects and 
transduces auditory signals. Outer hair cells form three rows and mediate signal amplification and 
the cochlear active process (Hudspeth, 2014). The apical surface of each hair cell contains a hair 
bundle, composed of dozens of stereocilia, which enables the mechanosensory conversion of 
sound waves into electrophysiological signals (Hudspeth and Corey, 1977; Brownell et al., 1985; 
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Ashmore, 1987). Sound waves induce vibrations and changes in cochlear fluid pressure, which 
lead to the deflection of hair bundles, resulting in the opening of mechanically gated ion channels 
and cell depolarization (Brownell et al., 2001; Hudspeth, 2014). Hair cell depolarization is 
typically a graded potential that scales with the amplitude of stimulation; however, developing hair 
cells occasionally produce action potentials (Hudspeth and Corey, 1977; Marcotti et al., 2003; 
Tritsch et al., 2010). The collection of proteins involved in hair cell mechano-electrical coupling 
has been difficult to elucidate. Early studies revealed that the latency of hair cell transduction is 
on the order of microseconds, indicating that hair bundle deflection directly gates mechanically 
sensitive ion channels (Corey and Hudspeth, 1979). Indeed, adjacent stereocilium are connected 
by a “tip link” structure, composed of cadherin and protocadherin molecules, and deflection of 
hair bundles is proposed to initiate gating of mechanosensitive ion channels through these 
structures; however, the elastic properties of tip links are debated, and thus their role remains 
controversial (Pickles et al., 1984; Kachar et al., 2000; Siemens et al., 2004; Kazmierczak et al., 
2007; Auer et al., 2008).  
The molecular identity of the hair cell transduction channel, which has been proposed to lie at 
the top of hair bundles, has long remained elusive (Hudspeth, 1983; Lumpkin and Hudspeth, 
1995). Recent evidence has revealed that the transmembrane channel-like protein 1 (TMC1) is a 
pore-forming complex that is essential for auditory and vestibular function (Pan et al., 2018). 
Together with the membrane-spanning proteins TMHS and TMIE, TMCs likely represent the 
critical transduction channel that mediates mechano-electrical coupling in hair cells (Kurima et al., 
2002; Mitchem et al., 2002; Xiong et al., 2012; Pan et al., 2013; Holt et al., 2014; Zhao et al., 
2014). Auditory and vestibular information transduced by mechanotransduction molecules in hair 
cells, is conveyed to the PNS through cochlear and vestibular afferents, which project to brainstem 
nuclei (Glowatzki et al., 2008). Thus, the interaction between epithelial hair cells and PNS 
afferents forms the essential sensory structure underlying audition and the vestibular sense. 
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Taste receptor cells 
Another critical epithelial-neuronal interaction exists in the vertebrate taste bud—the sensory 
organ that enables gustation. Each taste bud comprises dozens of chemosensory epithelial cells, 
termed taste receptor cells (TRCs), that sense tastants in the lumen of the oropharynx. Sweet, bitter, 
umami, sour, and salty compounds are detected by an array of ion channels and metabotropic 
receptors found on subtypes of TRCs, and transduced into TRC depolarization through differential 
mechanisms. Type I TRCs are a heterogeneous population of cells that are proposed to form glial-
like functions, such as uptake and degradation of neurotransmitters, and spatial buffering of K+ 
(Dvoryanchikov et al., 2009; Vandenbeuch et al., 2013). Type II TRCs function as the 
chemosensory receptors for sweet, bitter, and umami tastants (Roper and Chaudhari, 2017). These 
compounds bind to G protein-coupled receptors (GPCRs) on type II TRCs, leading to 
depolarization through multiple mechanisms, including intracellular Ca2+ mobilization and 
activation of TRPM5 ion channels (Huang et al., 1999; Perez et al., 2002; Zhang et al., 2003; 
Zhang et al., 2007). Type III TRCs represent sour-detecting cells. Sour detection relies on 
intracellular TRC acidification, caused by proton permeable ion channels and diffusion of acids 
through TRC membranes (Gilbertson et al., 1992; Lyall et al., 2001; Stevens et al., 2001; Richter 
et al., 2003; Ugawa et al., 2003; Chang et al., 2010). Recently, Otopetrin1 was identified as a 
proton-selective ion channel expressed in sour detecting type III TRCs, revealing a specialized 
mechanism for acid detection (Tu et al., 2018). The mechanisms underlying the taste of salt are 
less well understood. Indeed, the TRC type responsible for detection of salt has not been defined. 
The a-subunit of the epithelial Na+ channel (ENaC) is required for salt tasting in mice; however, 
whether it is the principal salt receptor is not yet known (Chandrashekar et al., 2010; Roper and 
Chaudhari, 2017). Activation of TRCs by the mechanisms discussed above leads to chemosensory 
depolarization of TRCs which then stimulates gustatory afferents, ultimately resulting in activation 
of central neural taste sensing pathways (Fig. 1.1; Bo et al., 1999; Finger et al., 2005; Taruno et 
al., 2013; Larson et al., 2015).  
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Enteroendocrine cells 
The human body’s largest, and perhaps oldest, sensory organ is the gastrointestinal tract. 
Indeed, Trichoplax adhaerens, an ancient multicellular organism that emerged before the evolution 
of nervous systems has been called a “wandering gut,” as it is primarily composed of nutrient 
sensing cells, digestive cells, and ciliated cells (Krishnan and Schioth, 2015). The gastro-intestinal 
tract of mammalian organisms is decorated with rare epithelial cells, termed enteroendocrine cells, 
which are proposed to be interoceptive sensory receptor cells that inform the brain about ingested 
nutrients (Fig. 1.1; Feyrter, 1938). Enteroendocrine cells are remarkably heterogeneous, with at 
least 12 molecularly distinct subtypes that express a multitude of sensory receptor proteins and 
neuromodulatory molecules (Grun et al., 2015; Haber et al., 2017). These specialized epithelia are 
able to detect glucose, amino acids, and dipeptides through families of brush border transporters 
that couple substrate absorption to ionic gradients, such as the sodium glucose cotransporter 
(Gorboulev et al., 2012). Additionally, enteroendocrine cells express a number of GPCRs that bind 
to sugars, fatty acids, bile acids, amino acids, and other nutrients in the gut lumen. These receptors 
couple to intracellular signaling pathways that result in enteroendocrine cell depolarization after 
nutrient binding (Gribble and Reimann, 2016). Interestingly, immunohistochemical data suggests 
that enteroendocrine cells might express the same glucose sensing GPCRs expressed in type II 
TRCs in mammalian taste buds (Jang et al., 2007). The molecular diversity of enteroendocrine 
cells suggests that functional subtypes might detect distinct gastro-intestinal stimuli, which are 
then conveyed to gut-innervating sensory afferents. Together, these findings reveal yet another 
niche in which specialized epithelia represent an essential role in sensory transduction.  
Skin epithelial cells 
The principal site through which somatosensory stimuli are detected is the skin. The skin is 
decorated with a rich variety of cutaneous sensory receptors that include pain sensing nociceptors, 
touch receptors, and temperature-sensitive thermoreceptors. These sensory receptors form an 
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assortment of end-organs, such as hair-follicles, Merkel cell-neurite complexes, Meissner’s 
corpuscles, and Pacinian corpuscles, or reside as free-nerve endings that terminate within the skin 
(Lumpkin and Caterina, 2007). In contrast to the obligate epithelial-neural synapses that detect 
hearing and taste, somatosensory encoding in cutaneous sensory structures is more complicated. 
Cutaneous sensory neurons express many sensory transduction channels that enable them to 
directly encode sensory information. For example, mechanosensitive neurons express Piezo2, a 
critical mechanically gated non-selective cation channel for somatosensory modalities such as 
touch sensation and nociception, as well as proprioception and interoceptive control of respiration 
(Coste et al., 2010; Ranade et al., 2014; Woo et al., 2015; Chesler et al., 2016; Nonomura et al., 
2017; Murthy et al., 2018; Szczot et al., 2018). Additionally, cutaneous sensory neurons express 
members of the transient receptor potential (TRP) family of cation channels, which confer 
temperature transduction to sensory neurons (Dhaka et al., 2006; Ramsey et al., 2006). Together, 
these transduction channels enable direct somatosensory detection by neurons; however, recent 
evidence suggests that epithelial cells form excitatory or neuromodulatory interactions with 
cutaneous sensory neurons.  
Perhaps the most well-studied of these cutaneous epithelial-neural interactions is the Merkel-
cell neurite complex. The Merkel cell-neurite complex is composed of epithelial-derived Merkel 
cells that form synaptic-like contacts with sensory afferents (Fig. 1.1; Iggo and Muir, 1969; 
Morrison et al., 2009; Van Keymeulen et al., 2009). Both Merkel cells and afferents express Piezo2 
and display mechanosensitivity, and Piezo2 expression in Merkel cells is required for conventional 
touch-evoked responses (Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 2014). Moreover, 
Merkel cells are both necessary and sufficient to evoke firing in sensory afferents; however, 
mechanisms through which these epidermal cells activate sensory neurons are still debated 
(Maksimovic et al., 2013). Beyond the Merkel cell-neurite complex, there is emerging evidence 
that keratinocytes, which are epithelial cells that form the majority of the skin’s epidermis, signal 
through ATP release to modulate touch reception and nociception (Baumbauer et al., 2015; Pang 
  7 
et al., 2015; Moehring et al., 2018). Together, these data indicate that skin epithelial cells and 
neurons form critical interactions that underlie the encoding of multiple somatosensory modalities. 
  
  8 
Figure 1.1. Specialized sensory epithelia. 
Specialized sensory epithelia are critical for encoding a variety of sensory modalities. Taste 
receptor cells (top left) mediate gustation, hair cells (top right) enable audition and the vestibular 
sense, Merkel cells (bottom left) are important for gentle-touch reception, and enteroendocrine 
cells (bottom right) provide interoceptive sensation of the gastro-intestinal tract. 
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THE MOLECULAR MACHINERY OF SYNAPSES 
The fundamental unit of information transfer in the nervous system is the synapse; however, 
the physiological nature of synapses was topic of controversy in early neuroscience. Research from 
Santiago Ramón y Cajal and Charles Sherrington fueled a decades long debate, known as “the war 
of the soup and the sparks”, over the nature of synaptic transmission (Valenstein, 2005). Pioneers 
of modern neuroscience argued whether synapses were mediated by chemical or electrical 
mechanisms. Early studies from Henry Dale and Otto Loewi revealed that neuromuscular synapses 
were mediated by release of chemical neurotransmitters (Dale, 1937; Loewi, 1937). Decades later, 
studies in the crawfish giant motor synapse demonstrated evidence for electrical synapses—
junctions between neurons that directly coupled depolarization from a presynaptic to a 
postsynaptic cell, without chemical neurotransmitters (Furshpan and Potter, 1959). We now know 
that both chemical and electrical synapses exist in the mammalian nervous system; however, the 
role and regulatory machinery of the latter remains incompletely understood (Pereda, 2014). 
Indeed, the molecular machinery that mediates chemical neurotransmission in neurons has now 
been well elucidated (Südhof, 2012; Südhof, 2013). Interestingly, many systems, including 
sensory cells, employ variants of conventional chemical neurotransmission that enable optimal 
encoding of sensory-specific stimuli. 
Chemical synapses in the CNS 
The chemical synapse serves to transfer information from a presynaptic to a postsynaptic cell, 
mediated by presynaptic release of chemical neurotransmitters that bind to receptors on the 
postsynaptic cell. Information arrives to the presynapse as a local change in voltage across the 
presynaptic cell membrane. The electrical signal is converted to neurotransmitter release through 
complex interactions between four major groups of molecules: vesicular Ca2+ sensors and voltage-
gated Ca2+ channels, active zone proteins, and soluble N-ethylmaleimide-sensitive fusion protein 
attachment protein receptors (SNAREs; Fig. 1.2). 
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In the mid 19th century, Bernard Katz performed pioneering work on synaptic transmission at 
the neuromuscular junction. Katz found that the conversion from presynaptic depolarization to 
neurotransmitter release is dependent on presynaptic Ca2+ entry, and Ca2+-dependent triggering of 
synaptic vesicle fusion (Katz, 1969). Later, a family of Ca2+ conducting, voltage sensitive multi-
subunit protein complexes, termed voltage-gated Ca2+ channels (VGCCs), were discovered 
(Catterall, 2011). Two distinct Ca2+ conductances were detected in neurons, which were later 
identified as the P/Q-type Ca2+ currents conducted by CaV2.1 VGCCs, and N-type Ca2+ currents 
conducted by CaV2.2 VGCCs; however, how Ca2+ entry coupled to vesicle fusion remained 
unclear (Llinás and Yarom, 1981; Wheeler et al., 1994; Dunlap et al., 1995). It was not until the 
Ca2+-sensitive synaptic vesicle protein Synaptotagmin-1 was cloned that a link between Ca2+ and 
vesicle fusion was identified (Perin et al., 1990). Synaptotagmin-1 belongs to a family of 
evolutionarily conserved transmembrane proteins with cytoplasmic C2 domains that bind Ca2+ and 
form interactions with SNARE proteins (Perin et al., 1991; Bennett et al., 1992; Brose et al., 1992; 
Söllner et al., 1993; Li et al., 1995). Synaptotagmin-1 is an essential mediator of SNARE-
dependent synaptic vesicle fusion—Ca2+ binding directly results in the triggering of vesicle fusion 
(Fernández-Chacón et al., 2001; Pang et al., 2006). There are at least 16 Synaptotagmins expressed 
in neurons, many of which may play important and distinct roles in Ca2+ sensing for synaptic 
vesicle fusion (Sun et al., 2007; Xu et al., 2007; Südhof, 2013). Synaptotagmin and its cofactor, 
Complexin, together prime SNARE complexes for activation (Reim et al., 2001; Tang et al., 2006). 
Together, presynaptic VGCCs and Ca2+ sensing proteins represent essential molecules that enable 
synaptic transmission. 
The active zone is a critical presynaptic structure that enables both temporal fidelity and 
reliability of synaptic transmission. Indeed,  synaptic transmission occurs on the order of hundreds 
of microseconds, made possible through tight spatial coupling of VGCCs and Ca2+ sensing 
proteins to vesicles and SNARE release machinery by active zone proteins (Sabatini and Regehr, 
1996). The presynaptic active zone is composed of at least six evolutionary conserved protein 
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families: RIM, RIM Binding Protein (RIM-BP), Munc13, Liprin-a, ELKS, and Piccolo/Bassoon. 
Active zone proteins form a large complex that serves to dock and prime synaptic vesicles, recruit 
VGCCs, and tether vesicles and VGCCs to synapses (Südhof, 2012). RIMs are essential for 
synaptic vesicle docking and priming, for recruiting VGCCs to active zones, and activating 
Munc13 (Schoch et al., 2002; Deng et al., 2011; Han et al., 2011; Kaeser et al., 2011). RIM-BPs 
tightly bind to RIMs, which together bind N- and P/Q-type VGCCs, recruiting them to the active 
zone (Hibino et al., 2002; Kaeser et al., 2011). Munc13 primes synaptic vesicles through 
interactions with Syntaxin-1, mediating a conformational switch that enables Syntaxin-1 to form 
SNARE complexes (Brose et al., 1995; Gerber et al., 2008; Ma et al., 2011). Vertebrate Liprin-a 
proteins are important for synaptic vesicle docking and exocytosis, possibly through interactions 
with ELKS and RIMs (Spangler et al., 2013; Wong et al., 2018). ELKS may regulate VGCCs and 
synaptic vesicle docking as well as function as a scaffolding protein; however, compared to other 
active zone proteins, its role is less well understood (Wang et al., 2016; Dong et al., 2018). 
Piccolo/Bassoon are structural proteins that serve to cluster synaptic vesicles at active zones, 
interact with RIM-BPs to recruit VGCCs, and have broader roles in maintaining synapse integrity 
through the regulation of autophagy pathways (Hallermann et al., 2010; Mukherjee et al., 2010; 
Waites et al., 2011; Waites et al., 2013; Ackermann et al., 2015; Okerlund et al., 2018). 
Vesicle fusion is directly mediated through the quaternary interactions of the multi-molecular 
SNARE complex. The SNARE complex is composed of proteins that reside on vesicles, termed 
vesicular (v)-SNAREs, and molecules that are present on the presynaptic plasma membrane, 
termed target (t)-SNAREs (Südhof, 2013). The SNARE proteins are characterized by a shared 
sequence of 60-70 amino acids, called SNARE motifs, that form a-helical secondary structures 
(Weimbs et al., 1997). The v-SNARE in neuronal synapses is Synaptobrevin-2 (VAMP2), a 
vesicular transmembrane protein that contains a single cytosolic SNARE motif (Schoch et al., 
2001). Synaptobrevin-2 is required for synaptic vesicle fusion, revealed by early studies with 
tetanus and botulinum B toxins, which cleave the protein (Link et al., 1992; Schiavo et al., 1992). 
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Concurrently, studies with other types of botulinum toxins revealed two other essential proteins 
for synaptic vesicle fusion—the t-SNARE proteins SNAP-25 and Syntaxin-1 (Blasi et al., 1993; 
Schiavo et al., 1993). Synaptobrevin-2, SNAP-25, and Syntaxin-1 each contain SNARE motifs 
that enable them to form a single functional SNARE complex; however, SNARE complex 
assembly cannot occur without Sec1/Munc18-like (SM) proteins. The SM protein Munc18-1 binds 
to Syntaxin-1, facilitating a “closed” to “open” conformational switch that enables Syntaxin-1 to 
interact with other SNARE proteins (Hata et al., 1993; Dulubova et al., 1999; Misura et al., 2000; 
Dulubova et al., 2007). Vesicle fusion is mediated by the progressive “zippering” of the four-
helical trans complex of v-SNAREs and t-SNAREs, which forces vesicular and presynaptic 
membranes into close proximity, destabilizing their hydrophilic surfaces and generating a fusion 
pore. Expansion of the fusion pore converts trans-SNARE to cis-SNARE complexes, which are 
then dissociated by an evolutionarily conserved, specialized ATPase (NSF) and its adaptors 
(SNAPs; Söllner et al., 1993; Hanson et al., 1997; Südhof, 2013). Thus, the synaptic vesicle fusion 
process occurs in the following four steps: (1) Munc18-1 binds to and “opens” Syntaxin-1, 
enabling the formation of the pre-fusion trans-SNARE complex; (2) Complexin “primes” the 
SNARE complex such that once an action potential arrives in the presynaptic terminal, Ca2+ ions 
conducted through VGCCs in the active zone bind to Synaptotagmin-1, and trigger the activation 
of the trans-SNARE complex; (3) v-SNAREs and t-SNAREs progressively “zipper,” resulting in 
the opening of a fusion pore; (4) trans-SNARE complexes convert into a cis conformation and are 
disassembled by NSF and SNAPs and vesicles are recycled.  
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Figure 1.2. The molecular machinery of chemical synapses. 
A complex interplay between VGCCs and calcium detecting proteins, active zone proteins, 
and SNARE proteins form the molecular machinery for vesicular fusion and presynaptic release 
of chemical neurotransmitters. Adapted with permission from (Südhof, 2013). 
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Ribbon synapses 
The synapses employed by sensory cells resemble variations of conventional neuronal 
synapses. Hair cells and photoreceptors, which transduce mechanosensory and visual stimuli 
respectively, are unusual as they function tonically and encode information over wide dynamic 
ranges. Hair cells can detect miniscule changes in sound waves and retinal photoreceptors can 
detect single photons; however, both cell types can encode stimuli over a range of five to six orders 
of magnitude. This sensitivity and wide dynamic range, is conferred by specialized “ribbon 
synapses” (Matthews and Fuchs, 2010). Synaptic ribbons are ovoid structures that are anchored to 
presynaptic active zones, and are surrounded by a “halo-like” ring of 20-400 glutamate-containing 
synaptic vesicles (Moser et al., 2006). These structures are thought to enable continuous 
glutamatergic neurotransmission release at fast speeds and over long periods of time. It has been 
estimated that photoreceptors fuse hundreds of vesicles per second (Heidelberger et al., 2005; 
Matthews and Fuchs, 2010). The molecular release machinery resembles conventional neuronal 
synapses; however, a number of proteins exist as ribbon-specific isoforms or only appear in ribbon 
synapses. Synaptic ribbons contain the active zone proteins RIM, RIM-BP, Munc13, Liprin-a, 
ELKS, and Piccolo/Bassoon, but whether these proteins play similar roles in the ribbon synapse 
and conventional synapses is not completely understood (Zanazzi and Matthews, 2009; Luo et al., 
2017). Interestingly, both hair cell and retinal ribbon synapses lack Synapsins 1 and 2, and hair 
cell ribbon synapses lack Complexins, Synaptophysins 1 and 2, and Synaptotagmins 1 and 2 
(Safieddine and Wenthold, 1999; Strenzke et al., 2009). Active zone proteins in ribbon and 
conventional synapses form important cytomatrix scaffolding structures that are critical for 
synaptic vesicle fusion. Synaptic ribbons contain a unique scaffolding protein, termed RIBEYE, 
that is required for ribbon synapse formation and function (Schmitz et al., 2000; Maxeiner et al., 
2016). Synaptic release in ribbon synapses is triggered by Ca2+ influx through L-type VGCCs, 
instead of the N- and P/Q-type VGCCs employed by conventional synapses. Additionally, release 
is mediated by the t-SNARE Syntaxin-3 instead of Syntaxin-1 (Wang et al., 1997; tom Dieck et 
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al., 2005; Zanazzi and Matthews, 2009; Mercer and Thoreson, 2011). Ca2+ sensing in ribbon 
synapses is not completely understood, and is mediated in part by the Ca2+-binding protein 
Otoferlin and variants of Synaptotagmin (Roux et al., 2006; Johnson et al., 2010; Michalski et al., 
2017).  
Synapses in taste receptor cells 
Chemosensory TRCs that underlie gustatory detection do not employ ribbon synapses to signal 
to sensory afferents, but rather form both conventional and unconventional interactions with 
neurons. The type II TRCs that detect sweet, bitter, and umami tastants are closely contacted by 
gustatory afferents; however, ultrastructural analyses indicate that they do not form bona fide 
synapses (Murray, 1971; Murray, 1993; Yang et al., 2000; Yee et al., 2001). Indeed, type II TRCs 
lack VGCCs and SNAP-25, which are required for conventional vesicular-mediated synaptic 
transmission (Clapp et al., 2006). Instead, type II TRCs are proposed to release ATP using non-
vesicular mechanisms to activate sensory afferents (Finger et al., 2005). Recent studies have 
revealed that a voltage-gated ATP release channel, made up of CALHM1/CALHM3 heteromers, 
mediates non-vesicular ATP release in response to type II TRC stimulation by sweet, bitter, and 
umami tastants (Kinnamon, 2013; Taruno et al., 2013; Ma et al., 2018; Romanov et al., 2018). 
Interestingly, type II TRCs also express functional connexin and pannexin-1 hemichannels that 
have been implicated in tastant-evoked ATP release; therefore, multiple channels might act in 
parallel or in complex to mediate this non-vesicular signaling (Huang et al., 2007; Romanov et al., 
2007; Moyer et al., 2009). Thus, the model for gustatory transduction and neural communication 
in type II TRCs is as follows: sweet, bitter, and umami tastants are detected by GPCRs, which 
induces Ca2+ release from intracellular stores, triggering TRPM5 activation and action potential 
generation, resulting in voltage-dependent activation of CALHM1/CALHM3 to release ATP 
(Chaudhari and Roper, 2010; Taruno et al., 2013). 
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Sour-detecting type III TRCs, also known as presynaptic taste cells, form ultrastructurally 
recognizable synapses with sensory afferents, and contain clear and dense-core vesicles (Murray, 
1993). Additionally, type III TRCs express P/Q- and N-type VGCCs, voltage-gated Na+ and K+ 
channels, as well as the SNARE proteins Synaptotagmin-1, SNAP-25, and Synaptobrevin-2. Thus, 
these cells are proposed to form conventional, vesicular-based synapses with sensory afferents. 
Type III TRCs store serotonin (5HT), and upon stimulation release 5HT from vesicles in a Ca2+-
dependent manner to activate postsynaptic sensory neurons (Nada and Hirata, 1977; Kim and 
Roper, 1995; Huang et al., 2005; Vandenbeuch et al., 2010; Huang et al., 2011; Larson et al., 
2015). The inhibitory transmitter GABA is also synthesized, stored, and released from type III 
TRCs; however, whether GABAergic transmission plays an inhibitory synaptic role, or an 
inhibitory autocrine role with other TRCs, remains unclear (Obata et al., 1997; Dvoryanchikov et 
al., 2011; Huang et al., 2011). Type III TRCs might also mediate uptake and release of 
norepinephrine, a functional role for which has yet to be elucidated (Dvoryanchikov et al., 2007; 
Huang et al., 2008). 
Synapses in the gut 
Enteroendocrine cells have been postulated to play a neuromodulatory role in metabolism and 
gut physiology since their early description (Feyrter, 1938). Transcriptomic and functional 
analyses of these gut sensors revealed that enteroendocrine cells express and release a variety of 
hormones and neuromodulatory peptides including CCK, glucagon-like peptide 1 and 2, glucose 
dependent insulinotropic peptide, peptide YY (PYY), gastrin, secretin, somatostatin, motilin, 
leptin, nesfatin-1, and ghrelin, and biogenic amines such as histamine and 5HT (Egerod et al., 
2012; Adriaenssens et al., 2015; Grun et al., 2015; Grunddal et al., 2016; Haber et al., 2017). Early 
ultrastructural studies indicated that sensory afferents do not directly form contacts with 
enteroendocrine cells, leading to the conclusion that these cells employ slow-acting paracrine 
signaling of neuroactive peptides; however, both large-dense core and small-clear core synaptic-
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like vesicles were observed (Lundberg et al., 1978). More recent studies revealed that 
enteroendocrine cells express many of the core proteins required for conventional synaptic 
transmission including VGCCs, voltage-gated Na+ and K+ channels, active zone proteins, and 
SNARE proteins (Nemoz-Gaillard et al., 1998; Bohórquez et al., 2015; Bellono et al., 2017; 
Kaelberer et al., 2018). In contrast to early studies, monosynaptic rabies virus tracing directly 
demonstrated that enteroendocrine cells form synaptic connections with sensory afferents, and 
confocal micrographs revealed thin, synaptic-like contacts in intact tissues that were likely missed 
in earlier studies (Bohórquez et al., 2015; Kaelberer et al., 2018). At least two functional types of 
bona fide enteroendocrine-neural synapses have now been identified, and given the transcriptomic 
diversity of these sensory cells future studies are likely to define more. Monosynaptic viral tracing, 
optogenetics, and electrophysiology recently revealed that CCK- and PYY-expressing 
enteroendocrine cells form glutamatergic synapses with sensory afferents and mediate fast 
transduction of gastro-intestinal stimuli to the nervous system (Kaelberer et al., 2018). A number 
of studies demonstrated that a subset of enteroendocrine cells express large quantities of 5HT, 
termed enterochromaffin cells, and upon stimulation mediate 5HT release (Hagbom et al.; Kim et 
al., 2001; Fukumoto et al., 2003; Braun et al., 2007; Doihara et al., 2009; Nozawa et al., 2009). 
Recently, organoid cultures were employed to demonstrate that enterochromaffin cells express 
functional voltage-gated Na+, K+, and Ca2+ channels and form serotonergic synapses with sensory 
afferents to encode information about stimuli in the gastro-intestinal system (Bellono et al., 2017). 
Thus, these gut epithelial cells are bona fide sensory cells tuned to detect gastro-intestinal nutrients.  
Synapses in the skin 
Mechanosensitive epidermal Merkel cells have long been suspected to employ vesicular-
mediated release of neurotransmitters to activate tactile afferents. Given the precedent set by other 
sensory cell-neural synapses, it is not surprising that the synaptic characteristics of Merkel cell-
neurite complexes do not fully resemble those of conventional excitatory synapses. Indeed, early 
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ultrastructural studies demonstrated that Merkel cells contain an abundance of vesicles that 
accumulate near synaptic-like contacts with neuronal afferents; however, these vesicles are small, 
dense-core vesicles, typically associated with neuromodulatory roles, as opposed to the clear-core 
vesicles employed in conventional excitatory neurotransmission (Andres, 1966; Breathnach and 
Robins, 1970; Chen et al., 1973; Halata, 1975; Mihara et al., 1979; Hartschuh and Weihe, 1980). 
In fact, it is the sensory afferents innervating Merkel cells that contain small-clear core vesicles, 
which may suggest reciprocal signaling in the putative Merkel cell-neuron synapse (Mihara et al., 
1979). Molecular profiling and immunohistochemistry revealed that Merkel cells express essential 
presynaptic molecules, including: N- and P/Q-type VGCCs, and Synaptotagmin-1; the active zone 
proteins RIM, RIM-BP, Mun13, ELKS, Piccolo; the SNARE proteins Synaptobrevin-2, SNAP25, 
and Syntaxins; and release-associated proteins Complexin and Munc18-1 (Haeberle et al., 2004; 
Hitchcock et al., 2004).  
Perhaps most confounding about Merkel cells is the broad immunoreactivity they display to a 
number of neurotransmitters, neurotransmitter transporters, and neuromodulators, such as ATP, 
5HT, Vasoactive Intestinal Polypeptide, Calcitonin Gene Related Peptide, Substance P, Met-
Enkephalin, and Cholecystokinin (CCK) Octapeptide (Hartschuh et al., 1979; Hartschuh and 
Weihe, 1980, 1988; Garcia-Caballero et al., 1989; Toyoshima and Shimamura, 1991; Weihe et al., 
1998; Tachibana and Nawa, 2002; He et al., 2003; Haeberle et al., 2004; Tachibana and Nawa, 
2005). Most notably of these, glutamate and 5HT, have been previously proposed as candidate 
neurotransmitters at the Merkel-cell neurite complex by several groups. Glutamate, the major 
excitatory neurotransmitter in vertebrates, has long been favored to be the neurotransmitter at the 
Merkel-cell neurite complex (Fagan and Cahusac, 2001; Hitchcock et al., 2004; Nunzi et al., 2004). 
The expression of the vesicular glutamate transporter (VGLUT) is the hallmark of glutamatergic 
synapses, and expression of VGLUT1, 2, and 3 in Merkel cells has been reported by several groups 
(Haeberle et al., 2004; Hitchcock et al., 2004; Nunzi et al., 2004). However, functional data have 
indicated that glutamatergic signaling both inhibits and potentiates touch-evoked responses and 
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tactile afferents (Fagan and Cahusac, 2001; Cahusac and Senok, 2006; Cahusac and Mavulati, 
2009). Moreover, ionotropic glutamate receptors localize to Merkel cells rather than afferents, and 
metabotropic glutamate receptors have been localized to both Merkel cells and afferents 
(Tachibana et al., 2003; Cahusac et al., 2005). Together, these data indicate that glutamatergic 
signaling serves an autocrine role in Merkel cells, rather than as a bona fide molecule underlying 
synaptic transmission. 
Several groups have proposed that 5HT, a prominent neurotransmitter that mediates itch 
(Weisshaar et al., 1997; Hosogi et al., 2006; Rausl et al., 2013; Hoon, 2015; Morita et al., 2015; 
Akiyama et al., 2017) and pain (Julius and Basbaum, 2001; Zeitz et al., 2002; Basbaum et al., 
2009; Bardin, 2011), is the principal neurotransmitter at the Merkel cell-neurite synapse (He et al., 
2003; Press et al., 2010; Chang et al., 2016; Chang et al., 2017); however, evidence of 5HT’s role 
at this synapse is not clear. Previous studies from frog or rat demonstrated modest effects of 5HT 
receptor antagonists (He et al., 2003; Press et al., 2010). More recently, amperometry was used to 
detect monoamine release from rodent whisker follicles (Chang et al., 2016); however, the 
methodology used does not distinguish 5HT from other monoamine species (Pennington et al., 
2004; Borisovska et al., 2013; Bucher and Wightman, 2015). Additionally, in intact recording 
preparations, release from Merkel cells cannot be distinguished from other monoamine-rich cell 
types in skin (Nordlind et al., 2008). Another important caveat is that recent studies of 5HT 
signaling in mouse whisker afferents used suction electrode recordings of compound action 
potentials (Chang et al., 2016), which cannot distinguish SAI responses from those of other 
somatosensory afferents, many of which are known to express 5-HT receptors (Zeitz et al., 2002; 
Lin et al., 2011; Urtikova et al., 2012; Salzer et al., 2016). Thus, the molecules that govern 
neurotransmission at this specialized sensory synapse remains controversial, and are a focus of 
this dissertation. 
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SENSORY CIRCUITS 
The information encoded by peripheral sensory receptors is transmitted and integrated into the 
central nervous system through complex series of circuits that reside within the spinal cord, 
brainstem, thalamus, and cortex. The cell bodies of the peripheral neurons that transmit both 
exteroceptive and interoceptive information reside within the dorsal root ganglia of the spinal cord 
or ganglia of cranial nerves, such as the trigeminal ganglia and the nodose ganglion of the vagus. 
These sensory afferents are pseudounipolar neurons that are broadly classified as Ab, Ad, or C-
fibers based on their speed of action potential propagation, which is determined by axon diameter 
and degree of myelination, and varies between species (Hursh, 1939; Brown and Iggo, 1967; Leem 
et al., 1993). Ab fibers have large-diameter cell bodies, axons are heavily myelinated, and these 
afferents conduct action potentials at fast speeds of propagation. Ad fibers have medium-diameter 
cell bodies and axons, are thinly myelinated, and have intermediate speeds of action potential 
propagation. C-fibers are unmyelinated afferents with small cell bodies and axons, and conduct 
action potentials slowly. These peripheral neurons are known as first order sensory neurons, and 
project to specific regions in the spinal cord and medulla where exteroceptive and interoceptive 
information is further processed. 
Skin to brain: Cutaneous somatosensory circuits 
First order Ab, Ad, and C somatosensory afferents can be further classified based on modality, 
or the type of sensory stimuli they encode. In the cutaneous somatosensory system, these include: 
innocuous and noxious mechanical stimuli, detected by low-threshold mechanoreceptors (LTMRs) 
and high-threshold mechanoreceptors (HTMRs) respectively; thermal stimuli, detected by 
thermoreceptors; and pruritogenic (itch) stimuli, detected by pruritoceptors. Although these 
sensory modalities are typically conveyed by distinct peripheral neuron subtypes, pruritoceptive 
and thermoreceptive afferents are often polymodal (Lallemend and Ernfors, 2012; Abraira and 
Ginty, 2013; LaMotte et al., 2014). As a general principal, these first order neurons project to the 
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dorsal horn of the spinal cord, or the brainstem dorsal column nuclei (DCN), where they synapse 
with second order neurons. Second order neurons project to the thalamus, where they form 
synaptic connections with third order neurons projecting to the somatosensory cortex; however, 
the specific pathways that somatosensory input follows varies, and the sites of integration and 
processing remain incompletely understood (Mountcastle, 1957; Abraira and Ginty, 2013; Abraira 
et al., 2017). 
Ascending LTMR input follows three pathways: (1) the direct dorsal column (DC), (2) the 
indirect post-synaptic dorsal column (PSDC), and (3) the spinocervical tract (SCT) pathways (Fig. 
1.3). In the direct DC pathway, first order neurons directly send axons to the DCN. The indirect 
PSDC pathway comprises first order neurons that synapse with neurons in lamina of the deep 
dorsal horn of the spinal cord, whose axons then project to the DCN. Much like the PSDC pathway, 
the SCT is formed by first order neurons that synapse in the dorsal horn; however, projections 
from these synapses do not target the DCN, but instead ascend through the dorsolateral white 
matter and synapse onto the lateral cervical nucleus. Second order neurons send axons from the 
DCN (for DC and PSDC pathways) or the lateral cervical nucleus (for the SCT pathway), decussate 
in the medial lemniscus and anterior white commissure respectively, and project to the thalamus 
where they synapse with third order neurons projecting to the somatosensory cortex (Abraira and 
Ginty, 2013). Early studies suggested that the direct DC pathway was the primary circuit through 
which discriminative touch information from LTMRs was processed (Johnson and Hsiao, 1992). 
In this model, processing of LTMR input from the direct DC pathway begins in the somatosensory 
cortex, whereas the dorsal horn, DCN, and thalamus are simply relay stations. More recently, an 
alternate model was proposed, which posits that the dorsal horn of the spinal cord serves as a key 
locus through which LTMR input is integrated and processed (Abraira and Ginty, 2013; Abraira 
et al., 2017). This model is supported by anatomical studies that demonstrate only a small fraction 
of LTMRs project to the DCN through the direct DC pathway, whereas all LTMRs (and HTMRs) 
have axonal projections that terminate in the dorsal horn of the spinal cord (Petit and Burgess, 
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1968; Jankowska, 1982). Moreover, a diverse population of interneurons within the dorsal horn of 
the spinal cord form complex interactions with first order LTMRs and neurons that project along 
the indirect PSDC and SCT pathways (Del Barrio et al., 2013; Bourane et al., 2015b). These spinal 
interneurons are critical for the processing of LTMR input, and are necessary for the perception of 
texture and the sensitivity of hairy skin (Abraira et al., 2017). They are defined by differential 
expression of multiple molecules, including Cadherin-3, Cerebellin-2, CCK, 5HT Receptor 6, 
Insulin-like Growth Factor Binding Protein 5, Kv Channel Interacting protein-2, and Neurogenic 
Differentiation Factor-4 (Abraira et al., 2017). Taken together, these data support a model for 
innocuous sensory input processing that begins in the dorsal horn of the spinal cord, long before 
information reaches the somatosensory cortex; however, many of these studies have been 
performed exclusively in murine systems, and significant variation may occur between vertebrate 
species.  
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Figure 1.3. Ascending cutaneous LTMR pathways. 
Ascending LTMR input follows three pathways: the direct DC pathway (left), the indirect 
PSDC pathway (middle), and the SCT pathway (right). Planes of section: top, coronal; bottom 
three, axial through the medulla, cervical spinal cord, and thoracic spinal cord below T7. Adapted 
with permission from (Abraira and Ginty, 2013). 
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Nociceptive input, which can be mechanical, thermal, or chemical, is carried by first order 
sensory neurons that enter the spinal cord through the dorsal root entry zone, and terminate into 
superficial laminae of the dorsal horn of the spinal cord. Within the dorsal horn, there is broad 
processing and integration of nociceptive information by diverse spinal interneurons (Todd, 2010). 
Indeed, inhibitory and excitatory dorsal horn interneurons are critical for modulating nociceptive 
tone before sensory inputs are relayed to supraspinal sites; however, the circuits for this spinal 
processing is still poorly understood (Koch et al., 2018). A number of interneuron populations 
have been defined based on the expression of neurochemical/neuropeptidergic markers including 
Somatostatin, Calretinin, Substance P, Neuropeptide Y (NPY), and Parvalbumin. Neurons have 
been identified that modulate acute mechanical pain as well as polymodal mechanical and thermal 
nociceptive inputs (Duan et al., 2014; Christensen et al., 2016). More recently, a population of 
Gastrin-Releasing Peptide (GRP) expressing interneurons, which were previously thought to 
receive pruritoceptive input, were revealed to gate both pruritoceptive and nociceptive signals (Sun 
et al., 2017). Nociceptive inputs from first order sensory neurons and their associated interneurons 
synapse with second order projection neurons that follow five ascending pathways: the (1) direct 
spinothalamic tract (STT), (2) indirect spinoreticular tract (SRT), (3) spinomesencephalic tract 
(SMT), (4) spinotectal tract (SpTT), or (5) spinohypothalamic tract (SHT). Second order neurons 
that form the direct STT pathway cross the midline in the spinal cord, and project directly to the 
thalamus. The indirect SRT pathway, ascends the spinal cord primarily ipsilaterally, and indirectly 
projects to the thalamus through synapses in the reticular formation of the brainstem. SMT fibers 
project to multiple brain loci, including the periaqueductal gray matter, the midbrain raphe nuclei, 
and the parabrachial nucleus, and are thought to be involved in descending control of nociception. 
SpTT and SHT fibers terminate in the superior colliculus and the hypothalamus, respectively. 
Third order neurons project from the thalamus to primary and secondary somatosensory cortex 
(Almeida et al., 2004; Todd, 2010). 
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Ascending pruritoceptive pathways have been more elusive, as the cellular and molecular basis 
for itch is comparatively less well understood; however, recent studies have revealed a cadre of 
dorsal horn interneurons that process pruritoceptive input in ways that mirror LTMR and HTMR 
spinal processing (Dong and Dong, 2018). Broadly, itch can be classified as either chemical or 
mechanical, and is processed by Gastrin-Releasing Peptide Receptor (GRPR)- or NPY-expressing 
spinal interneurons, respectively (Sun et al., 2009; Mishra and Hoon, 2013; Bourane et al., 2015a). 
First order pruritoceptors that detect chemical itch, including both histamine-dependent and 
histamine-independent itch, converge onto GRPR expressing interneurons in the superficial 
laminae of the dorsal horn. In this locus, chemical itch signals are processed by a circuit between 
GRPR, GRP, and natriuretic peptide receptor A expressing interneurons; however, this circuit is 
the topic of much debate (Liu et al., 2011; Fleming et al., 2012; Solorzano et al., 2015; Sun et al., 
2017). Moreover, inhibitory regulation of pruritoceptive input is accomplished in part by 
Glutamate Decarboxylase2- and Class-B Basic Helix-Loop-Helix Protein5-expressing inhibitory 
interneurons (Ross et al., 2010; Duan et al., 2014). Recently, a spinal circuit composed of NPY-
expressing interneurons dedicated to processing mechanical itch, was identified (Bourane et al., 
2015a). Interestingly, these tonically active NPY+ interneurons are innervated by LTMRs. When 
NPY+ interneurons are or ablated, gentle-touch stimuli activate mechanical, but not chemical, itch 
pathways and behaviors in mice. These data suggest that NPY+ interneurons function to gate the 
transmission of mechanically-evoked itch in the spinal cord. The ascending pathways for itch are 
not fully understood; however, second order pruritoceptive neurons that follow the direct STT 
pathway to the thalamus have been identified (Andrew and Craig, 2001; Dong and Dong, 2018). 
Viscera to brain: Interoceptive circuits 
Sensory detection and regulation of our viscera is mediated primarily through the vagus nerve. 
This includes innervation of cardiac, pulmonary, gastro-intestinal, and splenic tissues, as well as 
many other organs. The cell bodies of vagal sensory neurons reside in the vagus ganglia, which is 
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further divided into superior (jugular) and inferior (nodose) ganglion. These pseudounipolar 
neurons send a single axon that peripherally projects to target organs, and a centrally projects to 
the nucleus tractus solitarii (NTS) of the medulla. Vagal afferents mediate broad visceral sensory 
encoding, including detection of pulmonary stretch and pathogens, blood pressure, stomach 
stretch, and gastro-intestinal nutrients and pathogens (Maljaars et al., 2008; Ruttimann et al., 2009; 
Brookes et al., 2013; Chang et al., 2015; Williams et al., 2016; Umans and Liberles, 2018; Zeng 
et al., 2018). First order vagal sensory afferents project from target sites of innervation to the NTS, 
where they form a rostro-caudal viscerotopic representation (Altschuler et al., 1989; Berthoud et 
al., 1991). In addition to sensory afferents, the vagus contains efferent neurons whose cell bodies 
reside in the dorsal motor nucleus of the vagus (DMNV). These preganglionic parasympathetic 
motor neurons project to visceral ganglia where they synapse with postganglionic neurons to effect 
organ function (Berthoud et al., 1991). The DMNV, together with the NTS and the area postrema, 
form a major reflex center of the autonomic nervous system, known as the dorsal vagal complex 
of the brainstem (Bonaz et al., 2017). Second order neurons project from the NTS to broad targets 
in the brain including the locus coeruleus, parabrachial nucleus, periventricular nucleus of the 
thalamus, central nucleus of the amygdala, paraventricular nucleus of the hypothalamus, medial 
preoptic area, arcuate nucleus of the hypothalamus, and ventrolateral medulla (Sawchenko, 1983). 
THERAPEUTIC MODULATION OF PERIPHERAL NERVOUS SYSTEM ACTIVITY 
The PNS plays important functional roles beyond the detection of sensory stimuli. As a result, 
peripheral nerves have long been the target of neuromodulatory therapeutic interventions. These 
strategies take advantage of the mixed anatomical composition of peripheral nerves, which contain 
both afferent (sensory) and efferent (motor/parasympathetic) fibers. For example, the vagus nerve, 
a peripheral nerve that innervates broad visceral targets, consist of approximately 80% afferent 
and 20% efferent fibers (Foley and DuBois, 1937; Agostoni et al., 1957). Afferent fibers in 
peripheral nerves covey sensory information to spinal and brainstem nuclei, whereas efferent fibers 
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project to widespread peripheral targets and effect broad physiological functions from motor 
control to inhibiting inflammatory pathways (Howland, 2014).  
Neuromodulation of vagal afferents 
As early as the 1880s, activation of the vagus nerve, through manual carotid artery massage or 
through transcutaneous electrical stimulation, was proposed to suppress seizure activity in humans 
(Corning, 1882; Corning, 1883, 1884). Studies in the mid 20th century revealed that systemic 
effects of vagus nerve stimulation, including cortical activity measured by EEG, depended directly 
on vagal afferents and were not secondary to vascular effects (Zanchetti et al., 1952). Later, studies 
in multiple mammalian species revealed that electrical vagus nerve stimulation was a promising 
antiepileptic therapeutic strategy, possibly through GABAergic or glycinergic pathways in the 
brainstem and cerebral cortex (Zabara, 1985; Lockard et al., 1990; Woodbury and Woodbury, 
1990; Woodbury and Woodbury, 1991). Together, these studies along with clinical trials resulted 
in FDA approval of a surgically implanted vagus nerve stimulator as an adjunctive treatment for 
medically refractory partial-onset seizures in adults and adolescents (Schachter and Saper, 1998). 
The same device was later approved for the treatment of chronic treatment-resistant depression 
(O'Reardon et al., 2006). The proposed mechanism of these therapeutic effects relies on 
neuromodulation of vagal afferent projections to the NTS, which in turn projects broadly to regions 
including the cerebellum, amygdala, thalamus, hypothalamus, parabrachial nuclei, raphe nuclei 
and the locus coeruleus (Henry, 2002). These targets are associated with the regulation of mood, 
anxiety, emotion, and seizure activity, which may underlie the therapeutic effects of vagus nerve 
stimulation.  
The cholinergic anti-inflammatory pathway 
Beyond the central effects of neuromodulation of peripheral afferents, both afferents and 
efferents form neural-to-immune circuitry, termed the “cholinergic anti-inflammatory pathway”, 
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that regulates systemic immune system physiology (Borovikova et al., 2000; Pavlov et al., 2003; 
Tracey, 2007; Chavan et al., 2017). Pathogenic inflammatory signals are detected in part by 
immune receptors directly expressed by neurons, such as the toll-like receptor 4, type 1 TNF 
receptor, and type 1 IL-1 receptor (Hosoi et al., 2005; Li et al., 2005; Ma et al., 2009; de Lartigue 
et al., 2011). Sensory afferents activated by inflammatory signals locally release 
immunomodulatory peptides, such as calcitonin gene-related peptide, galanin, and somatostatin, 
which bind to receptors expressed on neutrophils, monocytes and macrophages, to inhibit innate 
immune activation (Chiu et al., 2013). Additionally, these inflammatory-activated afferents signal 
directly to the NTS, and through a yet unidentified circuit mediate increased vagal efferent activity 
(Niijima, 1996; Goehler et al., 2000). Vagal efferents signal through cholinergic pathways to exert 
anti-inflammatory effects on immune cells, such as macrophages and dendritic cells, through the 
a7 nicotinic acetylcholine receptor (Wang et al., 2003; Gallowitsch-Puerta and Pavlov, 2007; 
Olofsson et al., 2012). As a result of this neuro-immune circuit, vagus nerve stimulation is actively 
being studied to treat inflammatory disorders such as rheumatoid arthritis, systemic lupus 
erythematosus, and Crohn’s disease (Das, 2011; Bonaz et al., 2016; Koopman et al., 2016; Johnson 
and Wilson, 2018). 
 The diverse physiological PNS interactions outlined above, from neuromodulation by 
specialized epithelium, to peripheral neural circuits involved in mood regulation and immune 
function, paint a picture of an overwhelmingly complex and important cadre of peripheral neurons. 
These neurons not only enable us to sense and interact with our external environments, but also 
monitor and regulate internal physiology. Thus, my thesis work has focused on addressing two 
critical questions about the PNS: What molecular mechanisms underlie this diversity in neural 
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CHAPTER II: MERKEL CELLS ACTIVATE SENSORY NEURAL 
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SUMMARY 
Epithelial-neuronal signaling is essential for sensory encoding in touch, itch and nociception; 
however, little is known about the release mechanisms and neurotransmitter receptors through 
which skin cells govern neuronal excitability. Merkel cells are mechanosensory epidermal cells 
that have long been proposed to activate neuronal afferents through chemical synaptic 
transmission. We employed a set of classical criteria for chemical neurotransmission as framework 
to test this hypothesis. RNA sequencing of adult mouse Merkel cells demonstrated that they 
express presynaptic molecules and biosynthetic machinery for adrenergic transmission. Moreover, 
live-cell imaging directly demonstrated that Merkel cells mediate activity- and VMAT-dependent 
release of fluorescent catecholamine neurotransmitter analogues. Touch-evoked firing in Merkel-
cell afferents was inhibited either by pre-synaptic silencing of SNARE-mediated vesicle release 
from Merkel cells or by neuronal deletion of b2-adrenergic receptors. Together, these results 
identify both pre- and postsynaptic mechanisms through which Merkel cells excite 
mechanosensory afferents to encode gentle touch. 
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INTRODUCTION 
As a sensory-neural organ, skin provides both a protective barrier and an environmental 
interface that allows organisms to react to changing conditions. Signaling between epithelial cells 
and somatosensory neurons shape touch, itch, nociception and chemoreception (Wilson et al., 
2013; Maksimovic et al., 2014; Baumbauer et al., 2015; Pang et al., 2015; Moehring et al., 2018; 
Bellono et al., 2017). Little is known, however, about the mechanisms through which skin cells 
release neuroactive molecules to govern neuronal excitability. 
Since their initial description as “touch cells”, Merkel cells have served as the archetypical 
skin cell that mediates somatosensation (Merkel, 1875). These epithelial derived cells complex 
with Ab low-threshold mechanoreceptors (LTMRs) to produce slowly adapting type I (SAI) 
responses (Iggo and Muir, 1969; Woodbury and Koerber, 2007; Maricich et al., 2009; Morrison et 
al., 2009; Van Keymeulen et al., 2009). Recent work has demonstrated that Merkel cells mediate 
sustained SAI responses through Piezo2-dependent ion channels (Ikeda et al., 2014; Maksimovic 
et al., 2014; Woo et al., 2014). Moreover, optogenetics revealed that Merkel cells are necessary 
and sufficient to evoke sustained firing in Ab LTMRs (Maksimovic et al., 2014). These studies 
establish Merkel cells as mechanosensory receptor cells, but the mechanisms through which these 
epidermal cells activate sensory neurons is still debated.  
A longstanding model is that Merkel cells form chemical synapses with sensory afferents 
(Tachibana and Nawa, 2002; Maksimovic et al., 2013). Consistent with this hypothesis, Merkel 
cells are enriched in molecules that mediate synaptic vesicle release, and are immunoreactive for 
neurotransmitters, neuromodulators and neurotransmission machinery (Fantini and Johansson, 
1995; Garcia-Caballero et al., 1989; Hartschuh and Weihe, 1988; Garcia-Caballero et al., 1989; 
Fantini and Johansson, 1995; Weihe et al., 1998; Leung and Wong, 2000; Haeberle et al., 2004; 
Tachibana and Nawa, 2005; Maksimovic et al., 2013). At the ultrastructural level, Merkel cells 
form synaptic-like contacts with sensory terminals; however, these are marked by dense-core 
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vesicles rather than clear-core vesicles that typically mediate fast synaptic transmission (Andres, 
1966; Breathnach and Robins, 1970; Chen et al., 1973; Mihara et al., 1979). Several studies have 
proposed the Merkel-cell neurite complex is either serotonergic or glutamatergic (Fagan and 
Cahusac, 2001; He et al., 2003; Hitchcock et al., 2004; Cahusac et al., 2005; Press et al., 2010; 
Chang et al., 2016). Nonetheless, direct functional evidence is lacking to identify the Merkel cell’s 
presynaptic mechanisms and the neurotransmitter receptor(s) that act cell-autonomously in sensory 
neurons. Thus, we sought to systematically dissect molecular mechanisms that mediate 
neurotransmission at the Merkel cell-neurite complex. 
As a framework for this analysis, we turned to the work of Eccles, who proposed a set of 
fundamental criteria for a bona fide chemical synapse based on Dale and Loewi’s pioneering 
studies (Dale, 1937; Loewi, 1937; Eccles, 1964): 1) biosynthetic and degradative mechanisms for 
chemical transmission must be present in the presynaptic cell, 2) neurotransmitter must be present 
in the presynaptic cell, 3) neurotransmitter must be released when the presynaptic cell is 
stimulated, 4) the postsynaptic cell must be activated (or inactivated) by direct application of the 
neurotransmitter, and 5) pharmacological antagonism of the neurotransmitter must block the 
physiological action of the postsynaptic cell. By evaluating these classical criteria, we demonstrate 
that Merkel cells form SNARE-dependent chemical synapses that excite touch-sensitive neurons 
through adrenergic receptors.  
RESULTS 
Merkel cells are presynaptic, catecholaminergic cells 
A handful of presynaptic proteins have been localized to Merkel cells; however, a genome-
wide analysis of presynaptic signaling molecules in adult Merkel cells is lacking. We performed 
RNA sequencing (RNA-seq) on Merkel cells and keratinocytes purified from adult mice 
expressing an Atoh1-GFP fusion protein (Atoh1GFP), which selectively marks Merkel cells in skin 
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(Fig. 2.1A; Haeberle et al., 2004; Rose et al., 2009; Woo et al., 2014). RNA-seq analysis identified 
3,364 genes that were differentially expressed between Merkel cells and basal keratinocytes (Fig. 
2.1B, C; Appx. III.1). Next, we generated a list of 542 genes encoding presynaptic molecules 
based on proteomic analyses of presynapses and gene ontology annotations (Appx. III.2; Abul-
Husn et al., 2009; Boyken et al., 2013; Aken et al., 2017; Blake et al., 2017). Of these, 123 genes 
were enriched in adult Merkel cells (Fig. 2.1D), in agreement with previous studies of neonatal 
Merkel cells (Haeberle et al., 2004). Merkel cell-enriched molecules span a wide range of 
presynaptic structures and functions, including the active zone, adhesion and cell surface, dense-
core and synaptic vesicles, ion channels, transporters and receptors, neurotransmitter synthesis, 
and SNAREs. Thus, adult Merkel cells encode all the presynaptic machinery necessary for 
regulated release of neurotransmitters. 
Dense-core vesicles package neuropeptides and small-molecule neurotransmitters such as 
monoamines, which are capable of exciting action potentials in neurons (Araneda and Firestein, 
2006; Ramirez-Franco et al., 2016; Zhou et al., 2016). Monoamines include tryptophan-derived 
serotonin (5HT) and tyrosine-derived catecholamines, such as dopamine, epinephrine and 
norepinephrine. We noted that Merkel cells express tyrosine hydroxylase (Th), which encodes the 
rate-limiting enzyme in catecholamine synthesis (Fig 2.1D; Molinoff and Axelrod, 1971). To 
verify that Merkel cells express Th, we performed immunohistochemistry on full thickness skin 
specimens from ThGFP reporter mice (Fig. 2.1E; Matsushita et al., 2002). Merkel cells and their 
Ab LTMR afferents were identified by immunoreactivity to keratin 8 (K8) and neurofilament 
heavy chain (NFH), respectively (Vielkind et al., 1995; Maricich et al., 2009). Ninety-four percent 
of K8-positive Merkel cells expressed Th-GFP (n=406 Merkel cells from two mice). Merkel cells 
were also immunoreactive for TH protein (Fig. 2.1F). Along with Th, adult mouse Merkel cells 
express Slc18a2 transcripts encoding VMAT2 (Appx. III.2; 2.6±0.1; RPKM, mean±SEM, n=2 
replicates), which preferentially loads catecholamines into synaptic vesicles, and Maoa transcripts 
(18.3±1.3), which encodes a key neuronal enzyme for monoamine degradation (Erickson et al., 
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1996; Shih et al., 1999). Thus, Merkel cells possess the machinery to synthesize catecholamines 
and load them into secretory vesicles. 
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Figure 2.1. Merkel cells are presynaptic, catecholaminergic cells.  
A. Epidermal cell purification strategy [n=2 fluorescence-activated cell sorting (FACS) 
purifications from n≥2, 7–8-week Atoh1GFP mice each]. B. Volcano plot of genes differentially 
expressed between Merkel cells and keratinocytes. Dashed lines indicate log2(fold difference)≥2 
and Padj<0.01 for differential expression (red, above threshold; black, below threshold). C. 
Hierarchical clustering of differentially expressed genes. Rows represent RNA-seq replicates 
(R1/R2). Dendrograms show expression profiles of genes (top) and replicates (left). RPKM, 
reads per kilobase of exon per million reads mapped. Genes with RPKM<2 across all samples are 
not displayed. D. Presynaptic genes enriched in Merkel cells are grouped according to functional 
class. Log2 transformed fold difference is plotted. E. Axial projection of a whole-mount touch 
dome from an adult ThGFP mouse stained with antibodies against NFH (blue in merge), K8 
(magenta) and GFP (green). F. Maximum projection of a touch dome in an epidermal peel stained 
with antibodies against K8 (magenta) and TH (green). Scale bars, 25 µm. RNAseq experiments 
were designed and carried out by Seung-Hyun Woo, data analyses were performed by Benjamin 
U. Hoffman. 
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Which catecholamines might Merkel cells synthesize? We performed high performance liquid 
chromatography (HPLC) coupled with electrochemical detection of monoamine neurotransmitters 
on whisker follicles, which are highly enriched in Merkel cells (Feigin et al., 2001; Larsen et al., 
2002). Follicles were micro-dissected to reduce vascular contributions. To quantify the Merkel 
cell-dependent neurotransmitter content, we compared whisker follicles from adult 
K14Cre;Atoh1LacZ/fl mice, which lack Merkel cells, to littermate controls, and found that 
norepinephrine was reduced by one-third in samples lacking Merkel cells (Fig. 2.2A–C). Given 
that whisker follicles are highly vascularized, sympathetic innervation is a likely source of residual 
norepinephrine in mice lacking Merkel cells. Epinephrine and 5HT were comparable between 
genotypes, and dopamine was not detected. The lack of dopamine suggests that dopamine is 
efficiently converted to norepinephrine in the follicle. Indeed, Merkel cells were immunoreactive 
for dopamine beta hydroxylase (DBH), which synthesizes norepinephrine from dopamine (Fig. 
2.2D). These data suggest that epidermal Merkel cells are a significant source of norepinephrine 
but not 5HT, epinephrine or dopamine.  
We were surprised to find that Merkel cells did not contribute to 5HT levels in whisker 
follicles, given that previous studies proposed that Merkel cells are serotonergic (He et al., 2003; 
Press et al., 2010; Chang et al., 2016; Chang et al., 2017). Consistent with our HPLC data, 
transcripts for the rate-limiting enzymes for 5HT bio-synthesis were not detected in adult mouse 
Merkel cells (Tph1, 0.13±0.02; Tph2, 0.01±0.01; RPKM, mean±SEM). Moreover, analysis of a 
transgenic GFP reporter strain for the ionotropic 5HT3A receptor revealed that NFH+ Ab afferents 
that contacted mouse Merkel cells in touch domes and whisker follicles were not immunoreactive 
for 5HT3A-GFP (Fig. 2.2E; Gong et al., 2003). Instead, 5HT3A-GFP-expressing afferents lacked 
NFH immunoreactivity, indicating that they are unmyelinated C fibers or thinly myelinated Ad 
fibers. These data are consistent with the role of 5HT3 in nociception (Zeitz et al., 2002; Kayser et 
al., 2007). Thus, we conclude that Merkel cell-neurite complexes in adult mice do not form 5HT3A-
dependent serotonergic synapses. 
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In summary, these molecular and electrochemical results fulfill the first two of Eccles’s criteria 
for a classical chemical synapse. Merkel cells express the biosynthetic and degradative machinery 
for adrenergic neurotransmitters. Moreover, the neurotransmitter norepinephrine in whisker 
follicles is dependent on Merkel cells. These results identify norepinephrine as a candidate 
neurotransmitter at Merkel cell-neurite complexes. 
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Figure 2.2. Monoamine neurotransmission at the Merkel cell-neurite complex.  
A. Whole mount immunohistochemistry of micro-dissected whisker follicles from control 
(Atoh1fl/+, left) and K14Cre;Atoh1LacZ/fl (right) animals (K8, magenta; NFH, cyan). (B, C). HPLC 
coupled with electrochemical detection of monoamines performed on micro-dissected whisker 
follicles from control (Atoh1fl/+ or Atoh1LacZ/+, cyan) and K14Cre;Atoh1LacZ/fl (magenta) animals 
(n=3 animals per genotype). B. Mean traces of HPLC runs by genotype. C. Molar amounts, 
normalized to tissue weight, of norepinephrine (NE), epinephrine (EP), and 5HT (two-way 
ANOVA with Sidak’s post-hoc, **P=0.01; n=3 animals per genotype). (D, E). 
Immunohistochemistry in skin cryosections of touch domes and whisker follicles. Insets show 
magnified regions indicated by rectangles (1 and 2). D. Touch dome immunohistochemistry from 
a wild-type mouse (K8, magenta; NFH, cyan; DBH, yellow; DAPI, blue). E. 
Immunohistochemistry from touch domes (top) and whisker follicles (bottom) from a mouse 
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Merkel cells mediate uptake and touch-stimulated release of fluorescent neurotransmitters 
We next asked whether Merkel cells package and release catecholamine neurotransmitters. We 
developed a semi-intact epidermal peel preparation that enables direct pharmacological and optical 
access to Merkel cells (Fig. 2.3A). Atoh1 reporter mice expressing GFP were used to identify 
Merkel cells, which formed readily visualized clusters in touch domes (Lumpkin et al., 2003; 
Maricich et al., 2009; Rose et al., 2009). We confirmed that Merkel cells are excitable in this 
preparation by depolarizing with high-K+ Ringer’s solution or by delivering focal displacements 
during calcium imaging experiments (Haeberle et al., 2004; Ikeda et al., 2014; Maksimovic et al., 
2014). Both stimuli elicited rapid, reversible and repeatable increases in cytoplasmic calcium (Fig. 
2.3B–I; Appx III.3, 4). Such calcium transients were abolished by antagonists of N- and P/Q-type 
(10 µM ω-conotoxin MVII-C) and L-type (10 µM nimodipine) voltage-gated Ca2+ channels 
(VGCCs; Fig. 2.3J–M), in agreement with studies of dissociated Merkel cells (Haeberle et al., 
2004; Haeberle et al., 2008). 
  
  42 
 
  43 
Figure 2.3. Merkel cells display robust calcium responses to stimulation in a semi-intact 
epidermal peel preparation. 
 A. Schematic of semi-intact epidermal peel preparation. (B–M). GFP-positive Merkel cells 
loaded with Fura-2AM. (B–D). Representative Merkel cells (B, Atoh1nGFP, magenta) depolarized 
with high K+ KCl Ringer’s solution. C. Pseudocolor images representing baseline (left) and peak 
(right) F340/F380 ratios of stimulated Merkel cells. D. DF/F traces of Merkel cells identified by 
colored arrows in (C). Black bars, high K+ application. E. Peak DF/F data for all responding 
Merkel cells (n=192/207 cells, 2 animals; box, 25th percentile, median, 75th percentile; whisker, 
min and max). (F–H). Representative Merkel cell (F, Atoh1nGFP, magenta) stimulated with 
mechanical indentation (G, dashed lines, mechanical probe). H. DF/F trace of the Merkel cell in 
(G). Black bars, mechanical indentation. I. Peak DF/F data of mechanically evoked calcium 
transients in Merkel cells (n=5/8 cells, 2 animals; line, median). (J–L). Representative Merkel 
cells (J, Atoh1GFP, magenta) stimulated with high K+ before and after incubation with VGCC 
antagonists (10 µM nimodipine + 10 µM ω-conotoxin MVII-C). K. Representative pseudocolor 
image of Merkel cells stimulated with K+ in the absence of VGCC antagonists, and Merkel cells 
stimulated with high K+ after incubation with VGCC antagonists. L. DF/F traces of a Merkel cell 
stimulated with K+ before and after incubation with vehicle (cyan trace), and a Merkel cell 
stimulated with K+ before and after incubation with VGCC antagonists (magenta trace; Merkel 
cell in K, magenta arrow). Black bars, K+ application. Gray bars, incubation with vehicle or VGCC 
antagonists. M. Peak DF/F after treatment (vehicle or control) normalized to peak DF/F before 
treatment (% peak DF/F) for all Merkel cells (two-tailed t-test, †P<0.0001. n=21-22 cells per group 
from one animal; lines denote means). Scale bars, 20 µm. See also Appx III.3, 4. 
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To visualize neurotransmitter packaging, we employed a VMAT2-selective, neurotransmitter 
analogue, fluorescent false neurotransmitter 206 (FFN206; Hu et al., 2013). Merkel cells reliably 
loaded FFN206 into puncta (328/330 Merkel cells from two animals) whereas surrounding 
keratinocytes showed no appreciable FFN206 accumulation. FFN206 puncta polarized to the 
cytoplasmic regions beneath nuclei (Fig. 2.4A; Appx III.5), recapitulating the distribution of 
dense-core vesicles and presynaptic proteins near neuronal contacts (Chen et al., 1973; Hartschuh 
and Weihe, 1980; Haeberle et al., 2004). Reserpine, a selective VMAT antagonist, abolished 
FFN206 fluorescence in Merkel cells, demonstrating that VMAT activity is required for FFN206 
loading (Fig. 2.4B, C; Erickson et al., 1995). Thus, Merkel cells load VMAT2 substrates into 
subcellular puncta that likely represent secretory vesicle clusters. 
To test whether Merkel cells are capable of evoked FFN206 release, we used live-cell imaging. 
Depolarization of FFN206-containing Merkel cells induced reliable destaining of FFN206 puncta 
(Fig. 2.4D–F), which was completely blocked by VGCC antagonists (Fig. 2.4G–I). Moreover, 
focal displacements caused rapid FFN206 destaining (Fig. 2.4J–L). Together, these data satisfy 
the functional release criterion of Eccles’ classic chemical synapse: Merkel cells mediate evoked 
release of catecholaminergic vesicles in a VGCC-dependent manner.  
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Figure 2.4. Merkel cells mediate uptake and activity-evoked release of fluorescent 
neurotransmitters.  
A. Left, Merkel cells (magenta) loaded with FFN206 (1 µM, cyan) in an epidermal peel 
preparation from an Atoh1nGFP mouse, which expresses a nuclear localized GFP driven by Atoh1 
enhancer elements. Right, three-dimensional reconstruction, rotated. Images are representative of 
n=9 touch domes, 2 animals. B. FFN206 loading in Atoh1nGFP Merkel cells co-incubated with 
vehicle (left) or 1 µM reserpine (right). C. Quantification of FFN206 loading (background 
subtracted fluorescence, one-way ANOVA, Tukey’s post-hoc; †P<0.0001 for all comparisons; 
mean±SEM; n=205-331 Merkel cells per group, 2 animals). (D–I). FFN206-loaded Merkel cells 
stimulated with high K+ Ringer’s solution. Pseudocolor images show the ratio of FFN206 
fluorescence to baseline 240 s after application of high K+ Ringer’s solution. Scale indicates 
percent decrease in pixel intensity from baseline. D. Atoh1nGFP-positive Merkel cells (magenta). 
E. Baseline normalized, intensity versus time traces of puncta indicated by arrowheads in (D). 
Black bar, high K+ application. F. Mean (red) ± SEM (gray) of puncta that showed release in 
response to depolarization (n=40 cells, 3 animals). (G–I). Merkel cells loaded with FFN206, 
incubated with VGCC antagonists (10 µM nimodipine + 10 µM ω-conotoxin MVII-C), and 
stimulated high K+ Ringer’s solution. G. Atoh1GFP-positive Merkel cells (magenta) and 
pseudocolor difference image. H. Baseline normalized, intensity versus time traces of puncta 
indicated by arrowheads in (G). Black bar, high K+ application. I. Mean (red) SEM (gray) of 
summary data (n=69 Merkel cells, 3 mice). (J-L). Merkel cells loaded with FFN206 and stimulated 
with displacement. J. Left, Merkel cells (Atoh1nGFP; magenta). Right, ratio of FFN206 
fluorescence to baseline 40 s after the onset of displacement. Dashed lines outline the stimulus 
probe. K. Baseline normalized, intensity versus time traces of puncta indicated by the arrowhead 
in (J). Black bar, mechanical stimulation. L. Mean (red) SEM (gray) of mechanically evoked 
FFN206 release (n=6 Merkel cells, 3 animals). Scale bars, 20 µm. See also Figure 2. and Videos 
S1, S2, and S3. 
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Merkel cells employ SNARE-dependent vesicular release to mediate SAI responses 
We next used a synaptic silencing approach to directly test whether Merkel cells employ 
vesicle fusion for neurotransmission. Adult Merkel cells are highly enriched in vesicle and target 
SNARE transcripts including vesicle associated membrane protein 2 (Vamp2, 331±51; RPKM, 
Fig. 2.1D). Tetanus neurotoxin light chain subunit (TeNT) cleaves VAMP2 to block vesicle fusion 
at synapses (Yamamoto et al., 2003; Yu et al., 2004; Zhang et al., 2008; Chandrashekar et al., 
2009). We crossed K14Cre mice with Rosa26floxstopTeNT-GFP mice to selectively express TeNT in 
epidermal cells (K14Cre;R26TeNT; Zhang et al., 2008; Morrison et al., 2009; Van Keymeulen et al., 
2009). Control Merkel cells were enriched in VAMP2 protein compared with other epidermal cells 
(Fig. 2.5A). TeNT reduced the proportion of VAMP2-positive Merkel cells by threefold (Fig. 
2.5A, B). Touch domes from K14Cre;R26TeNT mice showed innervated Merkel-cell clusters, 
suggesting that vesicular neurotransmitter release is not needed for the development and 
maintenance of Merkel-cell innervation (Fig. 2.6). 
The functional consequences of epidermal-specific synaptic silencing were assessed with 
genotype-blind ex vivo single-unit recordings from Merkel-cell afferents, which were identified as 
fluorescently labeled, Ab LTMR afferents that responded selectively to touch-dome indentation 
(Fig. 2.5C, Fig. 2.7A–C; Wellnitz et al., 2010). Littermate controls showed canonical SAI 
responses, characterized by high-frequency firing during dynamic stimulation and sustained low-
frequency firing during static stimulation (Fig. 2.5D). By contrast, Merkel-cell afferents from 
K14Cre;R26TeNT mice (Fig. 2.5D) produced responses with a twofold reduction in dynamic firing, 
a threefold reduction in static firing rates, and intermediately adapting (IA) firing patterns (Fig. 
2.5E, F). These responses phenocopied those from Atoh1 conditional knockout mice, which 
completely lack Merkel cells, and epidermal-specific Piezo2 knockout mice, which lack the 
Merkel cell’s mechanotransduction channel (Maksimovic et al., 2014; Woo et al., 2014). Thus, 
SNARE-mediated vesicle release is required for the Merkel cell’s contribution to SAI firing. 
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Figure 2.5. Merkel cells employ SNARE-dependent vesicular release to mediate SAI 
responses.  
A. Images of Merkel cells (magenta) and VAMP2 (cyan) immunoreactivity from littermate-
control (R26TeNT) and TeNT-expressing mice (K14Cre;R26TeNT; scale bar, 10 µm). B. Quantification 
of Merkel cells with detectable VAMP2 immunoreactivity (cyan; two-sided Fisher’s exact test, 
†P<0.0001; n=149-161 cells from 3 mice per group). C. Schematic of ex vivo skin-nerve recording 
preparation (saphenous nerve, red; FM1-43-labeled touch dome, green). Receptive fields of touch-
dome afferents were identified by FM1-43 fluorescence in epidermal-side up recordings. D. 
Recordings from touch-dome afferents from littermate-control (left) and K14Cre;R26TeNT (right) 
mice. Top traces, displacement (dashed lines, point of skin contact). Middle traces, action potential 
trains. Bottom, instantaneous firing frequency (IFF) plots [blue region, dynamic (ramp) phase; 
gray region, static (late hold) phase]. (E–G). Maximal touch-evoked responses from littermate-
control (cyan) and K14Cre;R26TeNT (magenta). Peak dynamic firing rate (E) and mean static firing 
rate (F). Mean±SEM; two-tailed Mann-Whitney test, Ω.P<0.005. G. Units were classified as slowly 
adapting (SA, white) if spikes were observed throughout the 5-s hold phase in ≥75% of stimulus 
presentations, otherwise they were classified as intermediately adapting (IA, black; two-sided 
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Figure 2.6. Touch domes from R26TeNT+ and K14Cre;R26TeNT+ mice showed innervated 
Merkel-cell clusters. 
(A, B). Whole-mount immunohistochemistry and confocal axial projection of touch domes 
from R26TeNT+ (A) and K14Cre;R26TeNT+ (B) mice. Scale bar, 50 µm. 
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Figure 2.7. Ex vivo skin-saphenous nerve single-unit recordings from fluorescently labeled 
touch-dome afferents. 
A. Schematic of experimental setup. Hind limb skin was dissected with innervation from the 
saphenous nerve (red) maintained intact. Touch domes were identified by in vivo injection with 
FM 1-43, which labels Merkel cells (green) and sensory neurons. Neuronal responses from teased 
fibers are recorded with a differential electrode. B. Representative image of a FM 1-43 labeled 
touch dome (box) visualized with a stereo microscope (left) and a confocal microscope (right; 
scale bars, 50 µm). C. Representative skin-nerve recording of a fluorescently identified touch-
dome afferent. Top traces depict displacements (dashed lines: point of skin contact). Middle traces 
depict resulting neuronal action potential trains (in descending stimulus magnitude). 
Corresponding instantaneous firing frequency (IFF) plots shown on the bottom (blue shaded 
region, dynamic phase of stimulation; gray shaded region, static phase of stimulation).  
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Norepinephrine evokes action potentials in Merkel-cell afferents 
Eccles’ fourth criterion is that the postsynaptic cell must be activated by direct application of 
the neurotransmitter. Norepinephrine, dopamine, 5HT, and glutamate was applied to receptive 
fields of Merkel-cell afferents during ex vivo skin-saphenous nerve recordings. Consistent with 
HPLC results, local application of norepinephrine evoke firing in Merkel-cell afferents in the 
absence of touch stimuli (Fig. 2.8A–C). By contrast, neither dopamine, 5HT, nor glutamate 
activated action potentials in these afferents (Fig 2.8A–C; Fig 2.9). Interestingly, 10 mM NE 
evoked significantly fewer action potentials than 5 mM NE in Merkel-cell afferents (Fig. 2.10). 
This suggests that the excitatory effects of NE is non-monotonic, and may indicate that high 
concentrations of NE couple with inhibitory pathways in Merkel-cell afferents. Moreover, 
norepinephrine did not activate firing in A-fiber rapidly adapting (RA) LTMRs (Fig. 2.11A, B). 
Thus, the excitatory effect of norepinephrine is not a general property of A-fiber LTMRs. Building 
on our Merkel-cell transcriptome analysis, which show that Merkel cells are equipped to 
synthesize norepinephrine, these results directly demonstrate that norepinephrine preferentially 
excites Merkel-cell afferents. 
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Figure 2.8. Norepinephrine excites action potentials in Merkel-cell afferents.  
(A–C). Norepinephrine (NE), serotonin (5HT), or dopamine (DA) was applied to receptive 
fields of touch-dome afferents in ex vivo skin-nerve recordings. Receptive fields of touch-dome 
afferents were identified by FM1-43 fluorescence and then preparations were flipped dermis-side 
up for receptive-field perfusion. A. Left, neurotransmitter-evoked action potentials. Right, 
comparison of touch-evoked and neurotransmitter-evoked spike waveforms. Black bar indicates 
perfusion of 5-mM neurotransmitter (10 min). B. Total spikes evoked by each neurotransmitter at 
0.1 mM, 1.0 mM or 5.0 mM (two-way ANOVA with Tukey’s post-hoc, †P<0.0001; nNE=8 units, 
8 mice; n5HT=9 units, 9 mice; nDA=4 units, 4 mice; lines, medians). C. Agonist-response 
relationship of NE-evoked spikes in Merkel-cell afferents (mean±SEM; EC50=2.5 mM; R2=0.89; 
n=11 units, 9 mice). 
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Figure 2.9. 1 mM glutamate does not excite action potentials in Merkel-cell afferents 
(A-B). Data displayed as in Fig. 2.8. 1 mM glutamate was applied to receptive fields of touch-
dome afferents in ex vivo skin-nerve recordings. Receptive fields of touch-dome afferents were 
identified by FM1-43 fluorescence and then preparations were flipped dermis-side up for 
receptive-field perfusion. A. Left, gap-free recording during glutamate application. Right, touch-
evoked and spike waveform. Black bar indicates perfusion of 1 mM glutamate (10 min). B. Total 
spikes evoked by 1 mM glutamate (n=3 units, 3 mice). 
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Figure 2.10. 10 mM norepinephrine excites fewer action potentials than 5 mM in Merkel-cell 
afferents. 
Norepinephrine (NE) was applied at high concentrations to receptive fields of touch-dome 
afferents in ex vivo skin-nerve recordings. 10 mM NE evoked significantly fewer action potentials 
in Merkel-cell afferents than 5 mM NE (5 mM data from Fig. 2.8; Mann-Whitney test, *P=0.017; 
lines, medians; n5mM=6 units and n10mM=5 units). 
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Neuronal b2-adrenergic receptors mediate SAI responses 
Norepinephrine signals through metabotropic adrenergic receptors (ARs; Hein and Kobilka, 
1995). Qualitative immunohistochemistry showed co-localization of NFH and b2AR 
immunoreactivity beneath some Merkel cells (Fig. 2.12A). Moreover, single-molecule in situ 
hybridization revealed that a subset of dorsal root ganglia (DRG) neurons marked by TrkCtdTomato 
and NFH, which includes Merkel-cell afferents, were enriched in b2AR transcripts (Adrb2; Fig. 
2.11C, D). Thus, b2ARs are well positioned to mediate signaling downstream of norepinephrine 
release from Merkel cells.  
To test if b2ARs are required for touch-evoked SAI responses, we locally applied the selective 
b2AR antagonist ICI 118,551 (henceforth referred to as ICI) to Merkel-cell afferents and delivered 
suprathreshold mechanical stimuli at 2-min intervals (Fig. 2.12B). Compared with vehicle-treated 
controls, ICI suppressed dynamic SAI firing by twofold and static firing by 3.5-fold (Fig. 2.12C–
F). The effects of ICI on static SAI firing partially reversed within 60 min of ICI washout (Fig. 
2.11E, F). Such incomplete washout from intact skin is not surprising, given the hydrophobic 
nature of ICI. Thus, touch-evoked SAI responses require activation of β2ARs. 
We then used a genetic approach to confirm that β2ARs function cell-autonomously in neurons 
to mediate SAI responses. We made Wnt1Cre;Adrb2fl/fl mice, which harbor a deletion of β2ARs in 
neural crest derivatives including somatosensory neurons (Jackson et al., 2012; Lewis et al., 2013). 
Touch domes from Wnt1Cre;Adrb2fl/fl and littermate control mice showed comparable Merkel cell-
neurite complexes, indicating that touch-dome innervation is normal in neuronal β2AR knockout 
mice (Fig. 2.11G, H). Compared with typical SAI responses in littermate controls, Merkel-cell 
afferents from Wnt1Cre;Adrb2fl/fl mice showed dramatically attenuated dynamic and static firing 
rates, and IA responses (Fig. 2.12G–J). Indeed, responses from Wnt1Cre;Adrb2fl/fl afferents were 
indistinguishable from those of Atoh1 knockout mice lacking Merkel cells, mice whose Merkel 
cells lacked Piezo2, and TeNT mice with synaptically silenced Merkel cells (Fig. 2.4; Fig. 2.13). 
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Together, these data demonstrate that neuronal b2ARs are required for touch-evoked SAI 
responses (i.e. the physiological action of the post-synaptic cell), satisfying Eccles’s fifth criterion. 
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Figure 2.11. Adrenergic signaling in touch receptors. 
(A, B). Norepinephrine (5 mM) was applied to receptive fields of A-fiber RA-LTMRs in 
dermis-side up skin-nerve recordings. A. Left, representative trace. Right, touch-evoked action 
potential waveform (red). Black bar, norepinephrine application (10 min). B. Total spikes evoked 
by norepinephrine in A-fiber RA-LTMRs (n=8 fibers, 4 mice; line, median=0). C. Representative 
confocal images of single molecule in situ hybridizations (probe targeting the β2AR, Adrb2, green) 
and immunohistochemistry (antibody to label TrkCtdtomato neurons, TdTomato, red; NFH, blue) 
performed on cryosections of adult DRG (25 µm). D. Quantification of hybridization integrated 
density measurements (Mann-Whitney test, †P<0.0001; nTrkC+=541, nTrkC-=905 neurons, 2 mice; 
mean±SEM). E. Representative experiment of touch-evoked firing from a Merkel-cell afferent that 
showed recovery after washout of 50 µM ICI 118,551 (ICI). ICI was applied from 0-20 minutes, 
and washout was from 20-80 minutes. Traces and shading as in (Fig. 2.12B). F. Baseline 
normalized mean firing rates during static stimulation of Merkel-cell afferents stimulated 30 min 
after and 80 min after treatment with 50 µM ICI. In all recordings that lasted >80 minutes (3/6 ICI 
recordings), static firing showed partial recovery after 60 min of ICI washout. (G, H). Whole-
mount staining and confocal axial projection of touch domes from Adrb2fl/fl (G) and 
Wnt1Cre;Ardb2fl/fl (H) mice. Scale bars, 100 µm. Experiments and analyses comprising panels C-
D were contributed by Dr. Theanne N. Griffith.  
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Figure 2.12. Neuronal b2ARs are required for touch-evoked SAI responses.  
A. Merkel cells (K8, magenta), Merkel-cell afferent (NFH, cyan), and b2AR (yellow) 
immunoreactivity in adult mouse back skin (scale bar, 25 µm). B. Recordings from Merkel-cell 
afferents and corresponding IFF plots before and 30 min after treatment with vehicle or 
50 µM ICI 118,551. Traces and shading as in Fig. 2.5D. (C–F). Peak dynamic firing rate (C, D) 
and mean static firing rates (E, F) from afferents treated with vehicle (cyan) or 50 µM ICI 118,551 
(magenta) and stimulated at 2-min intervals. C, E. Firing rates at each time point was normalized 
to t=0 to average responses across units (mean±SEM). Black bar indicates time of vehicle or 
50 µM ICI 118,551 application. D, F. Firing rates of all units before (t=0) and after (t=30) 
treatment with vehicle or 50 µM ICI 118,551. Two-way matched ANOVA with Sidak’s post-hoc; 
*P<0.05, **P<0.01, ***P<0.001, †P<0.0001; n=5-6 units from 5-6 mice per group. G. Recordings 
from Merkel-cell afferents from littermate control (left) and Wnt1Cre;Adrb2fl/fl (right) mice. (H–J). 
Maximal touch-evoked responses from littermate-control (cyan) and Wnt1Cre;Adrb2fl/fl (magenta) 
units. H. Peak dynamic firing rate. I. Mean static firing rate (two-tailed Student’s t test, 
***P<0.001; mean±SEM). J. Proportion of Merkel-cell afferents with SA (white) versus IA firing 
patterns (black); two-sided Fisher’s exact test, ΩP<0.005; n=9-10 units, 9 mice per group). 
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Figure 2.13. Merkel cells enhance the excitability of Ab LTMRs during dynamic touch 
stimuli and mediate mechanosensory responses to gentle pressure.  
(A, B). Comparison of maximum touch-evoked responses from touchdomes in Atoh1-
knockout (black), Piezo2-knockout (gray), K14Cre;R26TeNT (orange; from Fig. 2.5C–F), and 
Wnt1Cre;Adrb2fl/fl (magenta; from Fig. 2.12G–I), and littermate control mice (Maksimovic et al., 
2014; Woo et al., 2014). A. Peak firing rates during the dynamic phase of stimulation. B. Mean 
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DISCUSSION 
Epithelial-neuronal crosstalk plays an essential role in sensory signaling; however, our 
understanding of release mechanisms and neurotransmitter receptors through which skin cells 
govern neuronal excitability is in its infancy. Adopting Eccles’ definition of a bona fide chemical 
synapse, we demonstrate that epidermal Merkel cells excite the nervous system through SNARE-
dependent adrenergic synapses. Our results show that Merkel cells express the biosynthetic and 
degradative machinery for adrenergic neurotransmission (criterion 1) and that norepinephrine in 
Merkel cell-rich skin areas depends on the presence of Merkel cells (criterion 2). In epidermis, 
Merkel cells selectively mediate VMAT- and VGCC-dependent evoked release of fluorescent 
catecholamines (criterion 3). Moreover, by using a tissue-specific genetic strategy to cleave 
Merkel-cell VAMP2, we directly demonstrate that SNARE-mediate vesicle release is essential for 
touch-evoked SAI responses. Turning to the postsynaptic cell, exogenous norepinephrine directly 
excites action potentials in Merkel-cell afferents (criterion 4), and touch-stimulated SAI responses 
are disrupted by pharmacological blockade or neuron-specific deletion of b2ARs (criterion 5). 
Together, these results identify both pre- and postsynaptic mechanisms through which touch-dome 
Merkel cells excite mechanosensory afferents (Fig. 2.14).  
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Figure 2.14. Model for adrenergic synaptic transmission at the Merkel cell-neurite complex. 
Touch activates cation influx through Piezo2 channels to depolarize Merkel cells and their 
afferents. During dynamic stimuli, neuronal Piezo2 stimulates action potential firing. Merkel-cell 
depolarization results in voltage-dependent calcium channel activation, and SNARE-mediated 
release of norepinephrine. Norepinephrine binds to b2 adrenergic receptors on SAI afferents, which 
increases dynamic firing rates and initiates action potentials during static stimulation.  
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The Merkel cell-neurite complex is an adrenergic synapse 
Merkel cells are epithelial derived mechanosensory cells whose role in gentle touch has 
recently been clarified. Mice harboring an epidermal-specific deletion of the neuronal transcription 
factor Atoh1 lack Merkel cells throughout the body (Maricich et al., 2009; Morrison et al., 2009; 
Van Keymeulen et al., 2009). Electrophysiological analysis of these mice showed that Merkel cells 
potentiate SAI firing rates during dynamic and static touch, and enable sustained firing during 
static pressure (Maksimovic et al., 2014). Moreover, sustained firing requires the mechanically 
gated ion channel Piezo2 in Merkel cells (Fig. 2.13; Ikeda et al., 2014; Maksimovic et al., 2014; 
Woo et al., 2014). Thus, Merkel cells enhance the excitability of Ab LTMRs during dynamic touch 
stimuli and mediate mechanosensory responses to gentle pressure. 
Merkel cells accomplish these functions by signaling to sensory neurons at adrenergic 
synapses. By silencing SNARE-mediated vesicle release in epidermis, we found that the responses 
of Merkel-cell afferents recapitulate the suppressed dynamic firing and truncated static firing 
observed in epidermal-specific Atoh1 and Piezo2 knockout mice (Maksimovic et al., 2014; Woo 
et al., 2014). These data are consistent with a recent report that bath-applied Botulinum toxin 
reduced compound action potentials in whisker afferents (Chang et al., 2016). Given that Merkel 
cells are highly enriched in VAMP2, the effects of epidermal TeNT expression are most likely due 
to VAMP2 cleavage in Merkel cells. Likewise, neuronal deletion of b2ARs phenocopied the 
effects of Merkel-cell synaptic silencing. Together, these results suggest that SNARE-dependent 
neurotransmitter release followed by b2ARs activation on neurons accounts for the Merkel cell’s 
role in SAI firing (Fig. 2.14). 
This finding is surprising, given the plethora of candidate neuromodulators at the Merkel cell-
neurite complex (Maksimovic et al., 2013). Neuropeptides such as CCK, VIP, Met-Enkephalin 
and Substance P are present in Merkel cells (Hartschuh et al., 1979; Fantini and Johansson, 1995; 
Haeberle et al., 2004), and our transcriptome analysis demonstrates that the Merkel cells are fully 
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equipped to release these peptides through dense-core vesicles. Neurotransmitters such as ATP 
and glutamate have also been proposed to mediate Merkel-cell signaling (Toyoshima and 
Shimamura, 1991; Nakamura and Strittmatter, 1996; Fagan and Cahusac, 2001; Haeberle et al., 
2004; Hitchcock et al., 2004; Nunzi et al., 2004). As previous functional studies have used 
pharmacology in semi-intact preparations, it is unclear whether these transmitters mediate 
autocrine signaling in Merkel cells or paracrine signaling to other cell types in skin. Consistent 
with autocrine signaling, glutamate and ATP receptors are expressed in Merkel cells (Appx. III.1; 
Haeberle et al., 2004). By contrast, we observed b2AR immunoreactivity at the terminals of 
Merkel-cell afferents, and neuronal deletion of b2AR indicates that adrenergic signaling acts 
intrinsically in neurons to enable SAI responses. Intriguingly, neuroanatomical studies suggest that 
Merkel cells are contacted by neurons other than Ab SAI afferents, including thinly myelinated 
and unmyelinated fibers (Reinisch and Tschachler, 2005; Lesniak et al., 2014; Niu et al., 2014). 
Whether Merkel cells communicate with these fiber types through b2ARs or other signaling 
pathways is unknown.  
5HT, which has well established roles in itch and nociception, has also been investigated in 
Merkel cells. Amperometry detected mechanically stimulated monoamine release from rodent 
whisker follicles (Chang et al., 2016); however, the methods employed do not distinguish 5HT 
from catecholamines (Pennington et al., 2004). Moreover, transcriptome analysis in this study 
indicates that adult mouse Merkel cells express the rate limiting enzyme for catecholamine 
synthesis but lack enzymes that produce 5HT. Moreover, 5HT did not excite action potentials in 
Merkel-cell afferents innervating touch domes, whereas norepinephrine elicited robust firing. 
These data stand in contrast with recent studies of 5HT signaling in mouse whisker afferents, which 
used suction electrode recordings of nerve bundles without spike sorting to isolate single-unit 
responses (Chang et al., 2016; Chang et al., 2017). Given 5HT receptors are broadly expressed 
among sensory neurons (Zeitz et al., 2002; Lin et al., 2011; Urtikova et al., 2012; Morita et al., 
2015; Salzer et al., 2016), it is likely that many types of somatosensory neurons contribute to 5HT-
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evoked compound action potentials. Consistent with this interpretation, mouse whisker follicles 
receive abundant innervation by 5HT3A-positive, NFH-negative afferents, which are distinct from 
the NFH-positive Ab LTMRs that innervate Merkel cells. Indeed, peripheral 5HT robustly excites 
NFH-negative sensory neurons that mediate itch and nociception (Hosogi et al., 2006; Rausl et al., 
2013; Morita et al., 2015; Julius and Basbaum, 2001; Zeitz et al., 2002; Basbaum et al., 2009). 
Although our data do not support an excitatory role for 5HT signaling in mouse touch-dome 
afferents, Merkel cells might produce 5HT in other species or skin structures. An intriguing 
possibility is that Merkel cell-derived 5HT could potentiate NFH-negative sensory neurons in 
pathophysiological states such as chronic pain and itch. Indeed, a role for Merkel cells in 
mechanically evoked itch has been recently proposed (Feng et al., 2018). 
Adrenergic signaling in the somatosensory system 
Previous studies of adrenergic signaling in the somatosensory system have focused on 
nociception. In the descending antinociceptive system, for example, noradrenergic neurons in the 
locus coeruleus project to the dorsal horn of the spinal cord to inhibit nociceptive signals (Westlund 
and Coulter, 1980; Clark and Proudfit, 1991; Fields et al., 1991). In the periphery, the role of 
adrenergic signaling in nociception has been attributed to the sympathetic nervous system. After 
peripheral nerve injury or inflammation, sympathetic neurons sprout within DRG to sensitize 
nociceptive  neurons to adrenergic stimulation (Sato and Perl, 1991; McLachlan et al., 1993; 
Bossut et al., 1996; Leem et al., 1997). Moreover, adrenergic compounds induces nociceptive 
responses in injured or inflamed skin (Chabal et al., 1992; Torebjörk et al., 1995; Choi and 
Rowbotham, 1997; Khasar et al., 1999). By contrast, norepinephrine does not elicit 
mechanonociceptive responses in naïve tissue (Fuchs et al., 2001). To our knowledge, adrenergic 
signaling has not been implicated in the encoding of gentle touch. Thus, our results define a 
previously unsuspected paradigm for adrenergic signaling in somatosensation.  
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b2ARs and neuronal excitability 
How might norepinephrine signaling through metabotropic b2ARs excite action potentials in 
post-synaptic Ab-LTMRs? A precedent for an excitatory metabotropic synapse is set by the retinal 
photoreceptor-ON bipolar cell synapse, which excites postsynaptic neurons via mGluR6 receptors 
coupled through Gao signaling to TRPM1-dependent cation channels (Martemyanov and 
Sampath, 2017).  
b2ARs couple to Gas signaling, which controls neuronal excitability through altering the 
activity of ion channels. Gas activation stimulates adenylyl cyclase to increase adenosine 3’,5’-
cyclic monophosphate (cAMP) and activate of downstream effectors such as cAMP-dependent 
protein kinase A (PKA; Rosenbaum et al., 2009), both of which can modulate ion channels. For 
example, in olfactory sensory neurons, a Gaolf/s-coupled sensory transduction cascade culminates 
in gating of cyclic nucleotide gated (CNG) cation channels (Nakamura and Gold, 1987). CNG 
channels likewise function as a critical component of membrane depolarization in vertebrate 
phototransduction (Yau and Baylor, 1989) and underlie inward conductances and hippocampal 
neurons (Leinders-Zufall et al., 1995). Intriguingly, CNG channel expression is detected in NFH-
positive DRG neurons (Usoskin et al., 2015). Intracellular cAMP also signals though 
hyperpolarization-activated cyclic nucleotide-gated (HCN) cation channels (Mayer and 
Westbrook, 1983). Currents mediated by HCN channels are found in many types of sensory 
neurons, including Ab LTMRs (Gao et al., 2012; Chang et al., 2017). Finally, b2ARs form a protein 
complex with Cav1.2 channels, which provides spatiotemporal coupling of b2ARs to calcium 
channel activation (Davare et al., 2001). PKA mediated phosphorylation of Cav1.2 contributes to 
an increase in inward Ca2+ conductance (Hell et al., 1993; Gao et al., 1997; Bunemann et al., 1999). 
Such cAMP-PKA mediated modulation of ion channels can occur with a latency of 500 ms 
(Lancaster et al., 2006). Additionally, the compartmentalization of cAMP signals into 
microdomains by tonic phosphodiesterase activity has been proposed to enable local activation of 
cAMP-PKA signaling (Rich et al., 2000; Jurevicius et al., 2003). Together, these mechanisms 
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suggest a plausible model of norepinephrine-evoked, b2AR-mediated activation of Ab LTMRs 
with fast kinetics; however, future studies are needed to establish whether these signaling 
mechanisms mediate excitation in Merkel-cell afferents. 
b2-adrenergic signaling in health and disease 
b-adrenergic signaling is a cornerstone therapeutic target for the treatment of cardiovascular 
diseases. b-blockers, which target b-adrenergic receptors, have been among the most widely used 
medicines for over half a century. A side effect of b-blocker therapy is paresthesia, or numbness 
and tingling (Van Buskirk, 1980; Stewart and Castelli, 1996). These symptoms are attributed to of 
the vascular effects of b-blockers in peripheral tissues; however, our findings suggest that 
paresthesia might be a result of b-blockers disrupting adrenergic signaling in sensory afferents. 
METHODS 
Animals 
Animal use was conducted according to guidelines from the National Institutes of Health’s 
Guide for the Care and Use of Laboratory Animals and was approved by the Institutional Animal 
Care and Use Committee of Columbia University Medical Center. Mice were maintained on a 12 h 
light/dark cycle, and food and water was provided ad libitum. All mice were healthy, and none of 
the experimental mice was immune compromised. Unless otherwise noted, mice of both sexes 
were used and mice were randomly allocated to experimental groups. The following strains were 
used in this study: Atoh1GFP (Rose et al., 2009), ThGFP (Matsushita et al., 2002) which express GFP 
under the control of the Th promoter, wild-type (WT) C57BL/6J, K14Cre (Dassule et al., 2000), 
Atoh1LacZ (Ben-Arie et al., 2000), Atoh1flox (Shroyer et al., 2007), 5HT3A-EGFP (Gong et al., 2003), 
Atoh1nGFP (Lumpkin et al., 2003), R26TeNT (Zhang et al., 2008), Wnt1Cre (Lewis et al., 2013), 
TrkCtdTomato (Bai et al., 2015) and B2ARflox (Hinoi et al., 2008). TeNT mice were generated by 
crossing hemizygous K14Cre male with homozygous R26TeNT female mice. Atoh1CKO mice were 
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generated as described previously (Morrison et al., 2009). Mice of 
the K14Cre;Atoh1LacZ/flox genotype lacked expression of Atoh1 in K14-expressing cells and were 
designated as Atoh1CKO mice. Genotypes that lacked either the Cre and/or LacZ alleles were 
designated as controls. Ardb2CKO mice were generated by first crossing hemizygous Wnt1Cre male 
with homozygous Ardb2flox mice. Male progeny hemizygous for Wnt1Cre and heterozygous for 
Ardb2flox (Wnt1Cre;Ardb2flox/+) were crossed with homozygous Ardb2flox female mice. Mice of the 
Wnt1Cre;Ardb2flox/flox genotype were designated as experimental, and mice with the Ardb2flox/flox that 
lacked Cre were designated as controls. All mice were bred as recommended by The Jackson 
Laboratory. Genotyping was performed through a commercial service (Transnetyx).  
RNA sequencing and analysis 
To isolate Merkel cells and keratinocytes for RNA-seq, dorsal skin from 7–8-week old female 
mice was removed and placed in a plastic dish, epidermis-side down. Skin was scraped with a 
scalpel to remove fat and muscle. Skin was then floated epidermis-side up in 0.25% trypsin for 2 
h at 37°C. Epidermis was manually separated from the dermis, broken into smaller pieces, and 
recovered in culture media (CnT02, Chemicon) for 30 min with a stir bar. A 70-µm cell strainer 
was used to collect single cells. Cells were incubated with the Cd49f-PE antibody (BD 
Pharmingen) for 30 min on ice. GFP+/PE- Merkel cells and GFP-/PE+ keratinocytes were purified 
from the epidermal-cell suspension with FACS, directly into Trizol (ThermoFisher). Total RNA 
was isolated using commercially available reagents (Qiagen RNeasy kit) and DNAse-treated 
according to manufacturer's instructions to remove contaminating genomic DNA. First- and 
second-strand cDNA synthesis, and cDNA amplification was performed with the Ovation RNA-
Seq System V2 (NuGEN). The cDNA library was prepared with the Ovation Ultralow System V2 
(NuGEN). Sequencing was conducted on an Illumina HiSeq1000. Reads were aligned to the 
annotated mouse reference genome (mm10) with SAMtools (Li et al., 2009). Differential 
expression analysis was performed with DEseq2 (Love et al., 2014). The core presynaptic gene 
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list (Appx. III.2) was generated by combining published presynaptic proteomic libraries (Abul-
Husn et al., 2009; Boyken et al., 2013) with the MGI (Blake et al., 2017) and Ensembl (Aken et 
al., 2017) presynapse (GO:0098793) gene ontology annotations (combined, 542 genes). Genes 
were manually annotated according to protein function using Gene Ontology annotations. 
Semi-intact epidermal peel preparation 
Live-cell imaging was performed in a semi-intact epidermal peel preparation (Appx VI). This 
preparation enables direct pharmacological and physiological access to Merkel cells in situ. Back 
skin from P20–24 Atoh1nGFP or Atoh1GFP mice was clipped with electric clippers, depilated (Surgi-
cream), and dissected onto a small dish. Skin specimens (1 cm2) were applied to glass coverslips 
epidermis-side down, in order to form a stable adhesion between the coverslip and epidermis. 
Samples were incubated in dispase (25 U/ml, Fisher Scientific) for 1 h at room temperature, on an 
orbital shaker. Using forceps, dermal and subcutaneous tissue was gently peeled from the 
epidermis, leaving only epidermal cells on the coverslip. 
Immunohistochemistry 
For cryosections, mouse skin was clipped with electric clippers, depilated (Surgi-cream) and 
dissected from the back (7–10-weeks of age). Tissue was fixed in 4% paraformaldehyde (PFA) for 
30 min, cryoprotected in 30% sucrose overnight, frozen in OCT (Tissue-Tek), and sectioned at a 
thickness of 16–20 µm. For epidermal peel preparations, samples were fixed in 4% PFA for 30 
min. Cryosectioned skin or epidermal peels were labeled at 4 °C overnight with the following 
primary antibodies: rat anti-K8 (TROMA1, Developmental Studies Hybridoma Bank, 1:100), 
chicken anti-NFH (Abcam: ab4680, 1:2,000), rabbit anti-VAMP2 (Abcam: ab3347, 1:500), rabbit 
anti-b2-AR (H-20, Santa Cruz: sc-569, 1:250), rabbit anti-TH (Millipore: AB152, 1:500), and 
rabbit anti-DBH (Immunostar: 22806, 1:2000). Secondary goat AlexaFluor-conjugated antibodies 
(Thermo Fisher Scientific) directed against rat (Alexafluor 488, A-11006; Alexafluor 594, A-
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11007), chicken (Alexafluor 488, A-11039; Alexafluor 594, A-11042), or rabbit (Alexafluor 488, 
A-11008; Alexafluor 647, A-21450) IgG were used for 1 h at room temperature (1:1000). Samples 
were mounted with Fluoromount-G with DAPI (Thermo Fisher Scientific). 
For whole-mount immunostaining with tissue clearing, skin was depilated, tape-stripped to 
remove the stratum corneum and dissected from the proximal hind limb of mice (7–10 weeks of 
age). For whisker whole-mount immunostaining, whiskers were isolated from whisker pads of 
mice (7–10 weeks of age), and whisker capsules were dissected to expose the ring sinus and 
external root sheath. Ring sinus was removed to expose the glassy membrane and Merkel cells 
within. Whole-mount immunohistochemistry was performed as previously described (Lesniak et 
al., 2014). Briefly, tissue was fixed in 4% PFA overnight, washed in 0.03% triton-X PBS (PBST) 
and incubated in primary antibody for 72–96 h at 4°C. Primary antibodies used were: rat anti-K8 
(TROMA1, Developmental Studies Hybridoma Bank, 1:100), chicken anti-NFH (Abcam: ab4680, 
1:500), rabbit anti-NFH (Abcam; ab8135, 1:500), and chicken anti-GFP (Abcam: ab13970, 1:500). 
After 5-10 h of washes in PBST, samples were incubated for 48 h at 4°C in secondary antibodies: 
goat AlexaFluor-conjugated antibodies (Thermo Fisher Scientific) directed against rat (Alexafluor 
488, A-11006; Alexafluor 647, A-21247), chicken (Alexafluor 488, A-11039; Alexafluor 594, A-
11042) or rabbit (Alexafluor 594, A-11037) IgG. After staining, tissue was dehydrated 
progressively in 25%, 50%, 75% and 100% methanol in PBST (1 h each) and cleared using a 2:1 
benzyl benzoate/benzyl alcohol solution.  
Specimens were imaged in three dimensions (0.5-1 µm axial step sizes) on a Zeiss Exciter 
confocal microscope (LSM 5) equipped with 20X, 0.8 NA or 40X, 1.3 NA objective lenses. 
In situ hybridization 
DRG sections harvested from TrkCtdTomato mice (4 weeks of age) were cut at 25-µm thickness 
and processed for high-sensitivity RNA in situ detection using an RNAscope Fluorescent 
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Detection Kit according to manufacturer’s instructions (Advanced Cell Diagnostics, Hayward, 
California, USA). The following modifications were made to the protocol: after harvesting, DRG 
were fixed in 4% paraformaldehyde for 15 min and then incubated in 30% sucrose for 2 h at 4°C. 
Additional fixation steps were omitted from hybridization protocol. DRG were embedded in OCT 
(Sakura) and stored at -80°C until sectioned. Hybridization was performed using the Adrb2 probe 
(449771-C3, mouse), followed by incubation at 4°C overnight with rabbit anti-dsRed (1:3000, 
Clontech: 632496) and chicken anti-neurofilament heavy (1:5000, Abcam, ab4680) primary 
antibodies. Sections were then incubated at room temperature for 1 h with goat anti-rabbit 
AlexaFluor 594- (Thermo Fisher Scientific, A-11037) and anti-chicken AlexaFluor 647-
conjugated (Thermo Fisher Scientific, A-21449) secondary antibodies. Samples were mounted 
with Fluoromount-G (Fisher Scientific). Specimens were imaged in three dimensions (1-µm axial 
steps) on a Nikon Ti Eclipse for scanning confocal microscopy equipped with a 40X, 1.3 NA 
objective lens. Images were analyzed using ImageJ software (Schneider et al., 2012). 
Quantification was performed on unprocessed axial stacks, following thresholding. 
High performance liquid chromatography (HPLC) 
Whisker pads were dissected from Atoh1CKO and littermate control animals (7–10 weeks of 
age) and placed in a dissection dish with PBS. Samples were chilled on ice to prevent monoamine 
oxidation. Follicles were exposed in whisker pads for further micro-dissection. To reduce vascular 
contributions, follicles were trimmed at the junction between the ring and cavernous sinuses. Once 
trimmed, the ring sinus was removed to expose the glassy membrane and the Merkel cells within 
the external root sheath. Trimmed follicles were then separated from whisker pads by transection 
at the inner conical body. Micro-dissected follicles were immediately placed in a 0.1 M perchloric 
acid solution on ice. Four follicles were pooled per animal. Pooled follicles were homogenized 
with a hand held sonicator and centrifuged (15,000 rpm) at 4°C. Supernatant was then stored at -
80°C or analyzed immediately. HPLC was performed as described previously (Feigin et al., 2001; 
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Larsen et al., 2002). Briefly, HPLC coupled with electrochemical detection was performed on an 
ESA Coulochem II detector equipped with a model 5011 analytical cell (ESA) set at an applied 
potential of 400 mV and a Velosep RP-18 column (Applied Biosystems). The mobile phase 
contained 45 mM NaH2PO4, 0.2 mM EDTA, 1.2 mM heptanesulfonic acid and 5% methanol, 
adjusted to pH 3.2 with phosphoric acid. Total elution time was 30 min. Molar amounts of 
metabolites were calculated from areas under HPLC peaks using calibration curves and normalized 
to total sample weight. 
FM1-43 injections 
FM1-43 (Biotium; #70020) was used to visualize SAI receptive fields (touch domes) for 
electrophysiological recordings. FM1-43 was diluted at 1.5  mM in sterile PBS and injected 
subcutaneously (70  µl per mouse). Tissue was dissected for ex vivo skin–nerve electrophysiology 
12–14  h after injection. 
Ex vivo skin-nerve electrophysiology 
Touch-evoked responses from cutaneous afferents were recorded after dissecting the hindlimb 
skin and saphenous nerve from 7–10 week old mice, according to published methods (Wellnitz et 
al., 2010). For identifying receptive fields, the skin was placed epidermis-side-up in a custom 
chamber and perfused with carbogen-buffered synthetic interstitial fluid (SIF) kept at 32 °C with 
a temperature controller (model TC-344B, Warner Instruments). The nerve was immersed in 
mineral oil in a recording chamber, teased apart with fine forceps, and small bundles were placed 
onto a silver recording electrode connected with a reference electrode to a differential amplifier 
(model 1800, A-M Systems). Conduction velocity was measured by electrically stimulating 
(Model 2100 isolated pulse stimulator, A-M Systems) receptive fields. Signals was band-passed 
filtered at 0.3–5 kHz, sampled at 20 kHz using a PowerLab 8/35 board (AD Instruments) and 
recorded using LabChart software (AD Instruments). SAI receptive fields (touch domes) labeled 
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with FM1-43 were visualized using a fluorescence stereomicroscope equipped with a long-pass 
GFP filter set. 
Spike sorting and data analysis was performed off-line with custom software in MATLAB 
(Hoffman and Lumpkin, 2018). Semi-unsupervised spike sorting was performed with principal 
component analysis (PCA) and density-based spatial clustering of applications with noise 
(DBSCAN). Sorted spikes were then analyzed for metrics of spike timing, firing rate, and 
adaptation properties. 
For these studies, we focused on Merkel-cell afferents in touch domes, as described by Iggo 
and Muir (Iggo and Muir, 1969). The afferents generally have no spontaneous firing, respond 
selectively to pressure applied directly to a touch dome, and are particularly sensitive to moving 
stimuli but are insensitive to hair tugging and skin stretch (Iggo and Muir, 1969). To identify 
responses from these afferents in mutant and control genotypes, we used a mechanical search 
paradigm with a fine glass probe. Afferents were classified as ‘Merkel-cell afferents’ according to 
the following criteria: (1) Aβ conduction velocity (≥ 9 m s−1), (2) punctate receptive fields 
restricted to one or more fluorescently labeled touch domes, (3) insensitive to pressure applied to 
skin areas adjacent to touch domes, (4) insensitive to hair tugging but responsive when the hair is 
bent to compress the touch dome. Touch-sensitive afferents that did not meet these criteria were 
not analyzed further. Fibers were classified as SA if spikes were observed during the last 1 s of the 
hold phase of stimulation in ≥75% of stimulus presentations, otherwise they were classified as IA. 
Recordings and analyses of K14Cre;R26TeNT, Wnt1Cre;Adrb2fl/fl, and their controls were performed 
blind to genotype (Table 2.1). 
Afferents were classified as A-fiber RA-LTMRs according to the following criteria: (1) A-
fiber conduction velocity (>1 m s-1), (2) rapid adaptation to mechanical indentation, (3) sensitive 
to low-force stimulation with von Frey monofilaments (<0.4 mN). 
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Mechanical responses were elicited with von Frey monofilaments and a custom-built 
mechanical stimulator. The automated mechanical stimulator applied stimuli with an indenter (tip 
diameter, 1.6 mm), and stimuli were commanded using a model XPS motion controller and driver 
system (Newport) connected to a PC computer. Movement of the indenter was controlled with 
custom software and measured with a laser distance-measuring device (OptipNCDT 1402, Micro-
Epsilon). Touch stimuli consisted of ramp and 5-s hold indentations. First-order approximation of 
approach speed was 3.2 mm s−1. The mechanical stimulator tip was held ~600 µm from the surface 
of the skin. Mechanical displacements ranged from the point of skin contact to 450 µm of skin 
indentation. For non-pharmacological experiments, the period between successive displacements 
was 60 s. For pharmacological experiments, the period between successive displacements was 
120 s.  
For pharmacology, receptive fields, conduction velocity and von Frey thresholds were first 
identified with the epidermis-side facing up. After identification of a Merkel-cell afferent based 
on FM1-43 fluorescence and the SAI response pattern, the skin was inverted such that the dermis 
side faced up for perfusion. Receptive fields were then isolated with a custom-built glass perfusion 
ring. For experiments performed in the absence of mechanical stimulation, drugs were directly 
applied to the isolated receptive fields (Norepinephrine, Tocris, 5169; Serotonin, Tocris, 3547; 
Dopamine, Sigma Aldrich, H8502; Glutamate, Sigma Aldrich, G1251) and evoked responses were 
recorded in gap-free mode. For experiments performed with simultaneous pharmacological 
application and mechanical stimulation, both drugs and mechanical indentation were applied to 
receptive fields within the perfusion ring (ICI 118,551, Tocris, 0821). To accommodate for 
repeated mechanical stimulations over long periods of time, we reduced the magnitude of 
mechanical stimuli for pharmacological experiments. Thus, recorded firing rates from 
pharmacological experiments were slightly lower than in non-pharmacological experiments 
(compare Fig. 2.5D-F to Fig. 2.12B-F).  
Norepinephrine-response data were fit with the following four-parameter logistic equation: 
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Table 2.1. Characteristics of fibers from ex vivo recordings. 
 






(mN) Fiber type 
2.5C, D 1 F 66 R26TeNT/+ 15.2 0.08 SAI 
2.5C, D 2 M 67 R26TeNT/+ 15.5 0.08 SAI 
2.5C, D 3 F 56 R26TeNT/+ 17.4 0.08 SAI 
2.5C, D 4 M 80 R26TeNT/+ 13.8 0.20 SAI 
2.5C, D 5 M 80 R26TeNT/+ 19.0 0.08 SAI 
2.5C, D 6 F 55 R26TeNT/+ 18.4 0.08 SAI 
2.5C, D 7 M 57 R26TeNT/+ 15.6 0.20 SAI 
2.5C, D 8 M 81 R26TeNT/+ 17.2 0.08 SAI 
2.5C, D 9 F 81 R26TeNT/+ 18.0 0.20 SAI 
2.5C, D; 2.7A–C 10 F 82 R26TeNT/+ 21.2 0.08 SAI 
2.5C, D 11 F 73 K14Cre;R26TeNT/+ 15.7 0.08 SAI 
2.5C, D 12 F 62 K14Cre;R26TeNT/+ 16.1 0.08 SAI 
2.5C, D 13 F 62 K14Cre;R26TeNT/+ 16.7 0.20 SAI 
2.5C, D 14 M 64 K14Cre;R26TeNT/+ 15.1 0.08 SAI 
2.5C, D 15 M 64 K14Cre;R26TeNT/+ 19.4 0.20 SAI 
2.5C, D 16 M 69 K14Cre;R26TeNT/+ 15.9 0.08 SAI 
2.5C, D 17 F 69 K14Cre;R26TeNT/+ 18.9 0.20 SAI 
2.5C, D 18 M 51 K14Cre;R26TeNT/+ 16.4 0.08 SAI 
2.5C, D 19 F 55 K14Cre;R26TeNT/+ 18.4 0.08 SAI 
2.5C, D 20 M 56 K14Cre;R26TeNT/+ 17.4 0.08 SAI 
2.5C, D 21 F 94 K14Cre;R26TeNT/+ 22.0 0.08 SAI 
2.8A–C 22 F 49 WT 14.5 0.08 SAI 
2.8A–C 23 F 50 WT 14.3 0.08 SAI 
2.8A–C 24 F 50 WT 17.8 0.08 SAI 
2.8A–C 25 F 51 WT 18.9 0.20 SAI 
2.8A–C 26 F 51 WT 17.6 0.08 SAI 
2.8A–C 27 F 63 WT 12.5 0.20 SAI 
2.8A–C 28 F 63 WT 11.2 0.08 SAI 
2.8A–C 29 F 63 WT 13.7 0.08 SAI 
2.8A–C 30 F 55 WT 16.0 0.08 SAI 
2.8A–C 31 F 55 WT 11.2 0.08 SAI 
2.8A–C 32 F 56 WT 12.7 0.08 SAI 
2.8A–C 33 F 61 WT 13.2 0.20 SAI 
2.8A–C 34 F 62 WT 16.1 0.08 SAI 
2.8A–C 35 F 63 WT 11.0 0.20 SAI 
  80 
2.8A–C 36 F 69 WT 13.5 0.08 SAI 
2.8A–C 37 F 53 WT 11.1 0.08 SAI 
2.8A–C 38 F 59 WT 10.5 0.08 SAI 
2.8A–C 39 F 60 WT 9.6 0.08 SAI 
2.12B–F 40 F 57 WT 13.1 0.08 SAI 
2.12B–F 41 F 58 WT 17.3 0.08 SAI 
2.12B–F 42 F 62 WT 13.0 0.08 SAI 
2.12B–F 43 F 63 WT 12.3 0.08 SAI 
2.12B–F 44 F 64 WT 12.8 0.08 SAI 
2.12B–F 45 F 70 WT 13.6 0.08 SAI 
2.12B–F 46 F 51 WT 15.5 0.08 SAI 
2.12B–F; 2.11E, F 47 F 56 WT 14.9 0.20 SAI 
2.12B–F 48 F 51 WT 11.5 0.08 SAI 
2.12B–F 49 F 56 WT 12.7 0.20 SAI 
2.12B–F 50 F 58 WT 13.2 0.08 SAI 
2.12B–F 51 F 69 Adrb2fl/fl 10.7 0.08 SAI 
2.12B–F 52 M 90 Adrb2fl/fl 15.8 0.20 SAI 
2.12B–F 53 M 91 Adrb2fl/fl 13.3 0.08 SAI 
2.12B–F 54 M 60 Adrb2fl/fl 13.6 0.20 SAI 
2.12B–F 55 M 73 Adrb2fl/fl 11.6 0.08 SAI 
2.12B–F 56 F 81 Adrb2fl/fl 15.8 0.08 SAI 
2.12B–F 57 M 94 Adrb2fl/fl 13.4 0.20 SAI 
2.12B–F 58 F 86 Adrb2fl/fl 17.4 0.08 SAI 
2.12B–F 59 F 86 Adrb2fl/fl 14.0 0.08 SAI 
2.12B–F 60 M 59 Adrb2fl/fl 13.1 0.08 SAI 
2.12B–F 61 F 61 Wnt1Cre;Ardb2fl/fl 10.8 0.20 SAI 
2.12B–F 62 F 92 Wnt1Cre;Ardb2fl/fl 15.9 0.08 SAI 
2.12B–F 63 F 92 Wnt1Cre;Ardb2fl/fl 12.4 0.20 SAI 
2.12B–F 64 F 65 Wnt1Cre;Ardb2fl/fl 13.4 0.08 SAI 
2.12B–F 65 F 65 Wnt1Cre;Ardb2fl/fl 10.8 0.20 SAI 
2.12B–F 66 M 74 Wnt1Cre;Ardb2fl/fl 15.2 0.20 SAI 
2.12B–F 67 M 80 Wnt1Cre;Ardb2fl/fl 12.0 0.20 SAI 
2.12B–F 68 F 85 Wnt1Cre;Ardb2fl/fl 15.5 0.08 SAI 
2.12B–F 69 M 63 Wnt1Cre;Ardb2fl/fl 11.2 0.08 SAI 
2.11A, B 70 F 53 WT 10.2 0.20 A-fiber RA LTMR 
2.11A, B 71 F 53 WT 10.7 0.08 A-fiber RA LTMR 
2.11A, B 72 F 57 WT 10.4 0.20 A-fiber RA LTMR 
2.11A, B 73 F 58 WT 9.7 0.08 A-fiber RA LTMR 
2.11A, B 74 F 58 WT 10.1 0.20 A-fiber RA LTMR 
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2.11A, B 75 F 59 WT 11.1 0.08 A-fiber RA LTMR 
2.11A, B 76 F 59 WT 10.0 0.08 A-fiber RA LTMR 
2.11A, B 77 F 59 WT 9.0 0.08 A-fiber RA LTMR 
2.9A, B 78 F 51 WT 11.7 0.08 SAI 
2.9A, B 79 F 58 WT 15.7 0.08 SAI 
2.9A, B 80 F 71 WT 11.3 0.08 SAI 
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Calcium imaging 
Semi-intact epidermal peel preparations were isolated from Atoh1nGFP or Atoh1GFP mice. 
Merkel cells were loaded for 30 mins at 37°C with 5 µM fura-2 acetoxymethyl ester (Thermo 
Fisher Scientific) and 1 µM pluronic acid (Pluronic F-127, Thermo Fisher Scientific) in a modified 
Ringer’s solution (in mM): 140 NaCl, 5 KCl, 10 HEPES (pH 7.4), 10 D-Glucose, 2 MgCl2, and 2 
CaCl2 (osmolality: 290 mmolkg-1). Cells were given 30 min in Ringers solution to digest the ester 
bonds before imaging. Merkel cells were depolarized with mechanical stimulation or with high 
potassium extracellular solution (in mM): 5 NaCl, 140 KCl, 10 HEPES (pH 7.4), 10 D-Glucose, 2 
MgCl2, and 2 CaCl2 (osmolality: 290 mmolkg-1). Mechanical stimulation was delivered with a 
glass probe (tip diameter: ~0.5 µm) driven with a stepper motor (model MP-200, Sutter 
Instruments). The glass probe was positioned at an angle of 40° to the coverslip. To ensure that 
mechanosensitive channels were not activated at rest, displacements began from an offset position 
located 2–3 µm away from Merkel cells (Drew et al., 2002). For experiments with voltage-gated 
calcium channel blockers (nimodipine, Tocris, 0600; w-Conotoxin MVIIC, Sigma Aldrich, 
C4188), Merkel cells were incubated with blockers for 30 min before imaging. Data were acquired 
with Metafluor software (version 7.6.3, Molecular Devices), and analyzed with ImageJ. Briefly, 
xy shifts were corrected in 340-nm and 380-nm images using a rigid body transformation with the 
“StackReg” plugin (Plugins/Registration/StackReg/RigidBody). Images of the fluorescence ratio 
at 340 nm and 380 nm excitation (F340/380) were created with the “Image Calculator” (Image/Image 
Calculator). Regions of interest (ROIs) were drawn based on identified Merkel cells. Mean ROI 
fluorescence intensity over time was quantified with the “Time Series Analyzer V3” (Plugins/Time 
Series Analyzer V3). DF/F values were calculated as follows: (F-Fi)/Fi., where F is the F340/380 at 
each frame and Fi is the average F340/380 for the 30-s prior to stimulation. Samples were imaged 
with a 20x, 0.95 NA objective lens. 
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FFN imaging 
Semi-intact epidermal peel preparations were isolated from Atoh1nGFP or Atoh1GFP mice. 
Merkel cells were loaded for 30 minutes at 37°C with 1 µM FFN206 (Tocris) in a modified 
Ringer’s solution (in mM): 140 NaCl, 5 KCl, 10 HEPES (pH 7.4), 10 D-Glucose, 2 MgCl2, and 2 
CaCl2 (osmolality: 290 mmolkg-1). Merkel cells were depolarized with mechanical stimulation or 
with high potassium extracellular solution (in mM): 5 NaCl, 140 KCl, 10 HEPES (pH 7.4), 10 D-
Glucose, 2 MgCl2, and 2 CaCl2 (osmolality: 290 mmolkg-1). Mechanical stimulation was delivered 
with a glass probe (tip diameter: ~0.5 µm) driven by a piezoelectric actuator (model PA8/12, 
Piezosystem Jeno; power supply ENV40 C, Piezosystem Jena). The glass probe was positioned at 
an angle of 40° to the coverslip. Displacements were triggered by a pClamp-controlled command 
voltage passed to the actuator driver through a low-pass filter (fcutoff: 500 Hz; model LPF-100A, 
Warner Instruments). Displacement magnitudes were visually calibrated daily. To ensure that 
mechanosensitive channels were not activated at rest, displacements began from an offset position 
located 2–3 µm away from Merkel cells (Drew et al., 2002). For experiments with voltage-gated 
calcium channel blockers (nimodipine, Tocris, 0600; w-Conotoxin MVIIC, Sigma Aldrich, 
C4188), Merkel cells were incubated with blockers for 30 minutes before imaging. Data were 
acquired with Metafluor software (version 7.6.3, Molecular Devices). 
ImageJ and Matlab were used to analyze FFN206 destaining experiments. First, xy shifts were 
corrected in ImageJ using a rigid body transformation with the “StackReg” plugin 
(Plugins/Registration/StackReg/RigidBody). Next, regions of interest (ROIs) were drawn based 
on FFN206 puncta within GFP-positive Merkel cells. Mean ROI fluorescence intensity over time 
was quantified with the “Time Series Analyzer V3” (Plugins/Time Series Analyzer V3). All 
further analyses were performed in Matlab. To correct for bleaching, the baseline intensity values 
for each ROI were individually fit with a monoexponential decay function. To obtain bleaching-
corrected values, fluorescence values (F) were subtracted from the monoexponential fit (Fexp) for 
that ROI (Fcorr=1+F-Fexp). Baseline normalized values (F/Fi) were calculated by dividing 
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bleaching-corrected fluorescence values (F) for each time point by the mean of the first 30 sec of 
each ROI (Fi). Puncta were classified as “destaining” if they exhibited at least 2% decrease in 
(F/Fi) 240 s after high-K+ stimulation or 40 s after mechanical stimulation. Samples were imaged 
with a 20x, 0.95 NA objective lens (Olympus). 
Quantification and Statistical Analysis 
Analysis was performed in R (R-Project; R Development Core Team, 2010), Matlab 
(MathWorks), and Prism (Graphpad). Detailed statistical parameters are described in figure 
legends. Data are represented as mean±SEM and n represents the number of cells or independent 
experiments. For parametric data with three or more groups, one-way or two-way ANOVAs were 
followed by post hoc analyses for between-group comparisons. Unpaired, non-parametric data 
were analyzed using the Kruskal-Wallis test with Dunn’s post hoc comparison. Paired data were 
compared with a matched two-way ANOVA with Sidak’s post hoc. Student’s two-tailed t test was 
used to compare means of two normally distributed groups. Categorical data were compared using 
the two-tailed Fisher’s exact test. The normality of population data was assessed using the 
Kolmogorov-Smirnov test with Dallal-Wilkinson-Lilliefors P values, with P<0.05 indicating non-
normality. Data were considered significant if P<0.05. Statistical details of experiments can be 
found in figure legends. 
Data and Software Availability 
The RNA-seq data are accessible at Gene Expression Omnibus (GEO: GSE114336). Spike 
sorting and ex vivo data analysis software is freely available at 
www.github.com/buh2003/spikesortingPCA_DBSCAN. All other data are available from the 
authors upon request. 
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CHAPTER III: FOCUSED ULTRASOUND EXCITES ACTION 
POTENTIALS IN MAMMALIAN PERIPHERAL NEURONS IN 
INTACT TISSUE 
 
This chapter comprises text from a manuscript submitted for publication (Baba 
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Focused ultrasound excites action potentials in mammalian peripheral neurons 
in intact tissue 
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Neurons of the peripheral nervous system are tasked with diverse roles, from encoding touch, 
pain and itch, to interoceptive control of inflammation and organ physiology. Thus, technologies 
that allow precise control of peripheral nerve activity have the potential to regulate a wide range 
of biological processes. Non-invasive modulation of neuronal activity is an important translational 
application of focused ultrasound (FUS). Recent studies have identified effective strategies to 
modulate brain circuits; however, reliable parameters to control activity of the peripheral nervous 
system are lacking. To develop robust non-invasive technologies for peripheral nerve modulation, 
we employed targeted FUS stimulation and electrophysiology in mouse ex vivo skin-saphenous 
nerve preparations to record activity of individual mechanosensory neurons. Parameter space 
exploration showed that stimulating neuronal receptive fields with high-intensity, millisecond FUS 
sonication reliably and repeatedly evoked one-to-one action potentials in all peripheral neurons 
recorded. Interestingly, when neurons were classified based on neurophysiological properties, we 
identified a discrete range of FUS parameters capable of exciting all neuronal classes, including 
myelinated A fibers and unmyelinated C fibers. Although action potential probability generally 
increased with total sonication energy, some neurons showed reversible reduction in firing at high-
intensity stimulation, providing a potential mechanism for selective neuromodulation. FUS elicited 
action potentials with latencies comparable to electrical stimulation, demonstrating both speed and 
reliability of the technique. Lastly, we show that peripheral neurons can be both excited by FUS 
stimulation targeted to either skin receptive fields or peripheral nerve trunks, a key finding that 




The nervous system plays a key role in regulating organ system function in physiological and 
pathophysiological states. Virtually all tissues including skin, heart, lung, gut, and immune organs, 
such as bone marrow, spleen and lymph nodes, are innervated by neurons of the peripheral nervous 
system (PNS). These specialized neurons serve both afferent functions, sending sensory 
information to the brain, and efferent roles, delivering neural signals to peripheral organs to tune 
their physiological outputs. For example, in the case of injury or infection, PNS neurons represent 
an essential component of immune responses (Steinman, 2004). The intersection between the PNS 
and organ systems thus represents an ideal target for therapeutic development. Indeed, peripheral 
neuromodulation devices are FDA approved or in clinical trials to treat wide-ranging diseases from 
depression to rheumatoid arthritis (Johnson and Wilson, 2018). These devices rely on implanted 
electrodes, which require surgical procedures that inherent carry risk (Famm et al., 2013; 
Birmingham et al., 2014). Thus, non-invasive strategies to modulate PNS activity is an appealing 
alternative to treat chronic diseases. 
Focused ultrasound (FUS) enables non-invasive neuromodulation of deep brain tissue, and has 
shown promise as a therapeutic tool (Tufail et al., 2011). Over 60 years ago, William Fry and his 
colleagues demonstrated the reversible inhibitory effects of ultrasound on the central nervous 
system (CNS) of frogs, monkeys and cats (Fry et al., 1950; Fry, 1954; Fry et al., 1958). Since that 
pioneering work, stimulation of the CNS with ultrasound has been shown to directly elicit neuronal 
action potentials in hippocampal slices, non-invasively stimulate intact motor circuits, and display 
therapeutic potential for seizure disruption in mammals (Manlapaz et al., 1964; Tyler et al., 2008; 
Tufail et al., 2010; Min et al., 2011; Tufail et al., 2011). Compared to the CNS, the effects of 
ultrasound stimulation on peripheral nerves are less clear. Ultrasound has been reported to both 
suppress and augment electrically evoked activity in the mammalian and invertebrate PNS (Young 
and Henneman, 1961; Lele, 1963; Mihran et al., 1990; Tsui et al., 2005; Dickey et al., 2012; Juan 
et al., 2014; Wright et al., 2017). Importantly, human psychophysical studies revealed that 
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transdermal sonication induced somatic sensations such as tactile, thermal, and pain, suggesting 
that ultrasound can activate sensory neurons (Gavrilov et al., 1976; Dickey et al., 2012; Legon et 
al., 2012). Additionally, non-invasive sonication of the mouse sciatic nerve elicited muscle 
activity, indicating that FUS excites motor neurons (Downs et al., 2018). Moreover, one report 
showed that sonication of a cat Pacinian corpuscle evoked neural activity consistent with receptor- 
or action potentials (Gavrilov et al., 1976). Despite these tantalizing studies, a systemic analysis 
of FUS-activated action potentials in mammalian peripheral neurons is lacking. This gap in 
knowledge is an important impediment to further therapeutic development of PNS ultrasound 
neuromodulation, as reliable protocols to control neuronal activity have yet to be established 
despite decades of research efforts. 
To address this gap, we sought to determine reliable FUS parameters that excite action 
potentials in mammalian peripheral neurons in intact tissue. We focused on mechanosensory 
neurons of mouse dorsal root ganglia (DRG), whose peripheral axons, or afferents, densely 
innervate skin and internal organs to convey sensory information to the CNS. Activation of 
primary sensory neurons gives rise to distinct sensations, including touch, pain, itch, warmth and 
cold. These distinct percepts are initiated by an impressive array of somatosensory neuronal 
subtypes, including multiple classes of mechanoreceptors, thermoreceptors, and nociceptors (or 
pain-sensing neurons). Peripheral sensory neurons can be further classified based on 
neurophysiological properties, including conduction velocity (CV), receptive field, sensory 
threshold and firing pattern (Koltzenburg et al., 1997). Thus, these well-studied neurons provide a 
robust platform for examining the excitatory effects of FUS in intact mammalian tissue.  
Here, we show that millisecond, high-intensity stimulation of sensory neurons with FUS is 
sufficient to elicit action potentials in all mechanosensory neuron studied. These results define a 
parameter space to non-invasively excite sensory neurons in intact tissue, which can directly 
inform the development of neuromodulatory therapeutics. 
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RESULTS 
Ultrasound evokes action potentials from mouse sensory neurons 
We developed an experimental paradigm using mouse ex vivo skin-nerve preparations that 
enables simultaneous FUS stimulation and electrophysiological recordings from individual 
peripheral neurons (Fig. 3.1A). To accomplish targeted sonication of sensory neurons, we custom-
built an immersion cone equipped with two lasers that intersect at the center of the ultrasound 
focus (Fig. 3.1B, C). The immersion cone thus provides two technical advances, coupling of the 
ultrasound beam to the target tissue with degassed water, and laser guided positioning of the FUS 
focus to tissues of interest. FUS was generated with a transducer controlled by 3.57 MHz sine 
waves delivered from a function generator (Fig. 3.1D). The resulting ultrasound field had a focal 
diameter (full-width at half maximum) of 0.33 mm and a focal length of 1.16 mm from cone tip 
(Fig. 3.1E–F).  
Given that sonication produces mechanical effects, we analyzed mechanosensory neurons that 
innervate skin and that initiate senses such as touch and mechanical pain Dalecki, 2004. After 
establishing an extracellular recording from teased nerve fibers, a neuron’s receptive field (the area 
of skin it innervates) was identified by gently pressing the skin with a blunt rod. Next, the receptive 
field was sonicated with laser-guided FUS. To identify efficient and reliable FUS protocols, 
neurons were sequentially stimulated with varying combinations of FUS parameters. Stimulus 
duration (0.1–2.0 ms in 0.1–0.5 ms steps) and intensity (11-743 W/cm2 in 25–60 W/cm2 steps) 
were varied, while US frequency (3.57 MHz), and inter-stimulus interval (5 s) remained fixed. 
Each FUS parameter set was presented 4-10 times, and action potential probability was estimated 
as the fraction of stimuli that elicited an action potential. FUS stimulation within this range had 
negligible thermal effects (<1°C; FUS parameters: 2 ms, 743 W/cm2). 
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We explored >100 FUS parameter combinations in mechanosensory neurons. We found that 
high-intensity, millisecond sonication with FUS reliably excited single action potentials 
(Fig. 3.1G). Surprisingly, all recorded sensory neurons were excited by sonication (n=172/172). 
Over the ranges tested, increasing either sonication duration or intensity sufficed to increase action 
potential probability (Fig. 3.1H). Indeed, total sonication energy, which is proportional to the 
product of intensity and stimulus duration, showed a strong positive correlated with action 
potential probability (Fig. 3.1I; R=0.81, P<0.0001, Spearman’s correlation). These data reveal an 
efficient FUS parameter space to excite peripheral neurons, and indicate that the primary driver of 




Figure 3.1. Ultrasound evokes action potentials from mouse sensory neurons. 
A. Experimental setup. B. Laser guided (green) targeting of receptive fields. C. Immersion 
cone. D. Representative driving signal (3.57 MHz). Amplitude modulates intensity; cycle number 
modulated stimulus duration. E. X-Y ultrasound beam profile without (left) and with (right) the 
cone demonstrates that the cone does not disrupt the beam. F. X-Z beam profile measured from 
the cone tip (z=0). G. Representative FUS evoked action potentials. Traces recorded sequentially 
from top to bottom. Magenta regions, FUS stimulation. Left, duration exploration (0.1, 0.25, 0.50, 
1.0, 1.5, and 2.0 ms) with fixed intensity (155 W/cm2). Right, intensity exploration (45-340, ~55 
W/cm2 steps) with fixed duration (0.75 ms). H. Aggregate FUS parameter-probability space of all 
neurons recorded (n=164 parameter sets; Methods). I. Transform of (H) into total sonication 
energy. Grey, fit to stimulus-response data (MaxAP=1.0, slope=0.79, EC50=186, EC50%Prob=186, 
R2=0.64). Red dotted line, EC50%Prob. 
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Distinct classes of mechanosensory neurons are excited by FUS  
Mechanosensory neurons that serve different roles in vivo can be functionally classified ex vivo 
based on their electrophysiological properties. Ab rapidly adapting (Ab-RA) and Ab slowly 
adapting (Ab-SA) fibers are myelinated, fast-conducting fibers that encode tactile information. D-
hair (DH) mechanoreceptors are intermediately conducting, Ad fibers that report hair movement. 
Noxious mechanical stimuli are encoded by A-fiber mechanonociceptor (AM) and most C-fibers, 
which have unmyelinated axons. Thus, we next asked if these distinct classes of sensory neurons 
responded differentially to FUS parameter combinations by partitioning our neuronal dataset into 
these five classes (see Methods for classification): Ab-RA (n=25), Ab-SA; (n=30), DH (n=35), 
AM (n=47), and C-fibers (n=35; Fig. 3.2A–F, Table 3.1).  
All neuronal classes examined were reliably excited by sonication. Comparison of the two-
dimensional FUS parameter space by class revealed that short (~0.75 ms), high-intensity (350-
500 W/cm2) sonication was highly effective in evoking action potentials across all classes 
(Fig. 3.2G). To directly compare FUS sensitivity among classes, we analyzed total sonication 
energy, which positively correlated with action potential probability in all fiber types (Fig 3.2H; 
Ab-RA, R=0.81; Ab-SA, R=0.86; DH, R=0.77; AM, R=0.62; C, R=0.76; P<0.0001, Spearman’s 
correlation). For each fiber class, data were fit with a stimulus-response relation to estimate the 
maximal action potential probability (MaxAP) and the energy at which the probability of firing was 
50% (E50%prob; Table 3.2). Interestingly, DH neurons, which are ultrasensitive to light touch, were 
more likely to be excited by US than any other class (MaxAP=0.97, E50%prob=50 nJ). By contrast, 
AM fibers, which have higher mechanical thresholds (MaxAP=0.77, E50%prob=280 nJ), were less 
excitable overall. We also noted that Ab and DH fibers had a higher MaxAP compared with AM 
and C-fibers (Table 3.2); therefore, low-threshold mechanoreceptors follow FUS stimulation more 
reliably than nociceptors over this range. Together, these data define a range of FUS parameters 





Figure 3.2. Distinct classes of mechanosensory neurons are excited by FUS. 
A. Representative touch- (black, 7 traces) and ultrasound-evoked (magenta, 7 traces) action 
potentials from afferents categorized by mechanosensory classes. (B–F). Representative parameter 
space exploration, displayed as in (Fig. 3.1G). Each panel represents data from a single 
experiment. Left, duration exploration (0.1, 0.25, 0.50, 1.0, 1.5, and 2.0 ms) at fixed intensity. 
Right, intensity exploration with fixed duration. B. Left, duration exploration at fixed intensity 
(460 W/cm2). Right, intensity exploration (390-540, ~30 W/cm2 steps) with fixed duration (0.75 
ms). C. Left, duration exploration at fixed intensity (155 W/cm2). Right, intensity exploration (45-
340, ~55 W/cm2 steps) with fixed duration (0.75 ms). D. Left, duration exploration at fixed 
intensity (460 W/cm2). Right, intensity exploration (45-340, ~55 W/cm2 steps) with fixed duration 
(0.75 ms). E. Left, duration exploration at fixed intensity (220 W/cm2). Right, intensity exploration 
(45-340, ~55 W/cm2 steps) with fixed duration (0.75 ms). F. Left, duration exploration at fixed 
intensity (220 W/cm2). Right, intensity exploration (45-340, ~55 W/cm2 steps) with fixed duration 
(0.75 ms). Action potentials highlighted in purple display the spikes that were sorted and analyzed 
in the representative experiment. G. Aggregate FUS parameter-probability space representation of 
all neurons recorded, separated by mechanosensory class. Pseudocolor axis represent action 
potential probability (parameter sets: AbRA, n=101; AbSA, n=76; DH, n=100; AM, n=101; C, 
n=125). H. Transform of the data from (F) into total sonication energy (see Methods). Data are 
displayed as the mean action potential probability at each sonication energy sampled. Grey, dose-
response curve (see Table 3.2 for fit values). Red dotted line, EC50%Prob. 
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Table 3.1. Fiber characteristics.  	
 
Conduction velocity (m/s) Mechanical Threshold (mN) 
Median Quartile deviation n Median Quartile deviation n 
Ab-RA 13.1 1.6 25 0.7 0.7 25 
Ab-SA 12.6 2.7 30 0.2 0.2 30 
DH 7.3 2.2 35 0.2 0.2 35 
AM 6.7 1.7 47 1.6 1.7 47 
C 0.4 0.1 35 1.6 2.4 22 
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Table 3.2. Stimulus-response fits.  	
 Top Slope EC50 Bottom R2 Energy50%Prob 
Ab-RA 0.99 1.14 232 0 0.66 233 
Ab-SA 0.86 1.68 146 0 0.73 177 
DH 0.97 1.12 47 0 0.66 50 
AM 0.77 1.13 160 0 0.41 280 




Interestingly, some fibers displayed non-monotonic tuning in their probability-response 
profiles. In these neurons, action potential probability first increased and then decreased with 
progressively higher energy FUS stimulation (high-intensity and/or long sonication duration). 
Indeed, in these neurons alternating optimal FUS stimulation parameters with supra-optimal 
parameters enabled selective control of action potential generation (Fig. 3.3). We noted that supra-
optimal FUS stimulation represented approximately twice the sonication energy of optimal 
activation energy. Importantly, the failure to elicit action potentials with supra-optimal FUS 
stimulation does not represent damage, as optimal stimulation consistently elicited action 
potentials within 5 s of supra-optimal stimulation. Only a fraction of total neurons with supra-
optimal FUS stimulation displayed this type of response to high-energy FUS (high-intensity, 
n=20/164; long-duration, n=22/136), which suggest that intrinsic properties of neural subsets are 
important for this tuning phenomenon. Together, these data provide a possible strategy to 





Figure 3.3. The probability of action potential failure depends on sonication magnitude. 
A-B. Representative experiments demonstrating action potential failure (red asterisks) with 
increased FUS intensity (A) or increased FUS duration (B). Traces are plotted sequentially, the 
top trace (trial 1) was evoked first, and the traces below were recorded consecutively after (inter-
stimulus interval, 5 s). In (A), there are two units excited by FUS (Ab and Ad). Note that increased 
sonication energy results in action potential failure of the Ab unit, but not the Ad unit. 
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FUS evokes action potentials with speed and reliability comparable to electrical stimulation 
A number of FDA-approved neuromodulation devices employ electrical nerve stimulation 
(Johnson and Wilson, 2018). These technologies directly depolarize neuronal membrane 
potentials, which faithfully and rapidly excites neuronal activity. Given that our data reveal 
specific FUS parameters that can reliably activate one-to-one action potentials, we wondered how 
FUS stimulation compares to electrical stimulation in terms of speed. Analysis of peak-aligned 
waveforms showed that electrically evoked spike waveforms closely resembled those elicited by 
FUS for all fibers examined. These data indicate that the same fiber was being activated by both 
stimuli (Fig. 3.4A, left). When waveforms were aligned by stimulus onset, FUS-evoked action 
potential latencies were slightly longer than those measured from electrical stimulation (Fig. 3.4A, 
right). Latencies for FUS- and electrically evoked action potentials were positively correlated (A-
fibers, R=0.80, P<0.0001; C-fibers, R=0.85, P<0.0001; Spearman’s correlation), were well fit by 
linear regression (slope, 0.89 ms; y-intercept, 0.20 ms; R2=0.95), and latency data points displayed 
a slight shift towards the FUS axis (Fig. 3.4B). The positive y-intercept of the linear regression, as 
well as the left shift of the curve, indicates that the FUS evoked action potential latencies were 
consistently, albeit slightly, longer than electrically evoked latencies. Indeed, across the 
population, the difference between FUS and electrical latencies (D Latency) measured from the 
same fiber, was positive (median=0.9 ms, interquartile range=1.8 ms, n=172; Fig. 3.4C). Given 
the large range of spike latencies observed across sensory fibers, this millisecond lag is likely to 
be negligible from a therapeutic standpoint. Thus, these data demonstrate that FUS evoked action 
potentials with speed and reliability comparable to that of electrical stimulation, providing further 




Figure 3.4. FUS evokes action potentials with speed and reliability comparable to electrical 
stimulation. 
A. Comparison of representative FUS-evoked (magenta) to electrically evoked (black) action 
potentials from the same Ab-SA fiber (CV=15.0 m/s). Left, action potentials aligned to peak. 
Right, action potentials aligned to the onset of stimulation (arrows indicate stimulus onset). B. 
Scatterplot of log-transformed FUS-evoked versus electrically evoked action potential latencies 
(defined as time from stimulus onset to action potential positive peak). Grey solid line, linear 
regression of log-transformed data (slope=0.89, y-intercept=0.20, R2=0.95). Grey dotted line, y=x. 
C. Histogram of the difference between FUS-evoked and electrically evoked action potential 
latencies from each neuron.  
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Nerve trunk FUS stimulation excites action potentials 
One therapeutic application of FUS neuromodulation is the non-invasive stimulation of nerves, 
such as the vagus nerve, to manipulate neurohumoral reflexes. Such a device would require 
stimulation of nerve trunks rather than receptive fields. Thus, we tested whether FUS sonication 
of peripheral nerve trunks evokes action potentials. To do so, we stimulated the saphenous nerve 
trunk with FUS, which elicited compound action potentials composed of Ab, Ad and C fiber 
activity (Fig. 3.5A–B). We next compared FUS stimulation of receptive fields versus nerve trunks 
for individual mechanosensory neurons (Fig. 3.5C). Almost all fibers that responded to FUS 
receptive field stimulation were activated by FUS sonication of nerve trunks (n=14/15; Fig. 3.5D). 
Interestingly, we found that the 50% threshold to activate action potentials was threefold-higher 
in nerve trunk stimulation compared with receptive field stimulation (Fig. 3.5C). These findings 
demonstrate that one can target neurons at either receptive fields or along nerve trunks, and define 




Figure 3.5. Nerve trunk FUS stimulation evokes action potentials. 
A. Overview of experimental setup. Nerve trunks were targeted with FUS, and resulting action 
potentials were recorded. B. Representative recording, demonstrating FUS evoked (magenta 
region, time of FUS stimulation) compound action potentials from Ab, Ad, and C-fibers. C. 
Experimental setup to compare receptive field and nerve trunk FUS stimulation. Mechanosensory 
afferents were first identified with manual exploration of receptive fields with a blunt glass probe. 
Once identified and characterized, afferents were sequentially stimulated with FUS targeted to 
nerve trunks and to receptive fields. D. Comparison of FUS-evoked action potentials elicited by 
receptive field stimulation (black) and nerve trunk stimulation (magenta). E. Comparison of 
sonication energy thresholds (>50% probability of eliciting an action potential) from FUS 
stimulation targeted to receptive fields or nerve trunks from the same fiber. Gray lines, represent 




Technologies that confer targeted, non-invasive modulation of the nervous system have been 
long sought in medical neuroscience. Recent studies have revealed the therapeutic potential of 
non-invasive neuromodulation with ultrasound (Tyler et al., 2008; Tufail et al., 2010; Tufail et al., 
2011; King et al., 2013; Ye et al., 2016). Much of the progress in understanding the effects of 
ultrasound on neuronal tissue has been limited to the CNS. Our study demonstrates that US 
sonication directly and robustly evokes action potentials from individual neurons in the 
mammalian PNS. We show that millisecond, high-intensity (350–500 W/cm2) sonication of 
neuronal receptive fields is sufficient to elicit action potentials in both myelinated (Ab and Ad) 
and unmyelinated (C) fibers. Importantly, action potentials follow FUS sonication in a one-to-one 
manner, demonstrating that FUS has the potential to allow tight temporal control over neuronal 
activity in the PNS. Additionally, we demonstrate that FUS stimulation of nerve trunks excites 
action potentials effectively, although at higher sonication energies. These findings reveal effective 
parameters for non-invasive excitation of peripheral nerves with ultrasound in intact tissue; 
satisfying a critical step towards the development of ultrasound-based therapeutics.  
Mechanisms of ultrasound neuromodulation 
The mechanisms of ultrasound neuromodulation are not yet fully understood. Several 
mechanisms have been proposed, including heating and mechanical effects (Sassaroli and 
Vykhodtseva, 2016; Tyler et al., 2018). In our study, we did not observe a significant increase in 
temperature with maximal FUS stimulus parameters. These data agree with previous studies that 
report that ultrasound stimulation occurs under conditions that minimally heat tissues (Tyler et al., 
2008; Tufail et al., 2010; Menz et al., 2013). Together, this indicates that the thermal effects of 
sonication under our experimental conditions are minimal and do not explain the robust and 
repeatable neuronal activation that we observed. 
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A second possibility is that sonication induces mechanical effects on neural tissue, such as 
radiation force, membrane oscillation or cavitation, resulting in the activation of ion channels and 
action potential generation. Indeed, radiation force has been shown to activate mechanosensitive 
MEC-4 channels in C. elegans (Kubanek et al., 2018). FUS might activate mammalian 
mechanosensitive ion channels, such as the Piezo family of proteins (Ranade et al., 2015). 
Consistent with this hypothesis, we observed that some low-threshold mechanoreceptors were 
more sensitive to FUS stimulation than nociceptors. Additionally, FUS might initiate the opening 
of other ion channels, such as voltage gated sodium channels, which can display mechanical gating 
(Sukharev and Corey, 2004; Morris and Juranka, 2007; Tyler et al., 2008). In hippocampal slices, 
ultrasound has been proposed to stimulate action potentials through mechanical activation of 
voltage-gated sodium and calcium channels (Tyler et al., 2008). FUS might also activate voltage-
gated potassium channels, some of which are mechanosensitive, such as the TRAAK and TREK 
channels (Ranade et al., 2015). Activation of potassium channels, which results in decreased 
neuronal excitability, might explain our observation that the probability of FUS-evoked action 
potentials decreases at higher FUS stimulus intensities.  
Therapeutic potential of FUS 
The use of ultrasound to activate mammalian peripheral neurons was first demonstrated over 
40 years ago (Gavrilov et al., 1976; Gavrilov et al., 1977). A handful of studies have shown that 
US sonication to human skin initiates somatic sensations such as warmth, pain, and pressure 
(Gavrilov et al., 1977; Legon et al., 2012); however, the potential therapeutic applications of 
neuromodulation of peripheral nerve activity extend beyond sensory modulation. One such 
application is non-invasive modulation of the neural reflex arc to treat chronic disease 
(Birmingham et al., 2014). The neural reflex arc is composed of peripheral afferent neurons that 
signal to the CNS, and efferent neurons that send regulatory signals to virtually all peripheral 
tissues (Andersson and Tracey, 2012). Stimulation of the vagus nerve, which is composed of both 
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afferent and efferent neurons, is an FDA approved intervention for epilepsy and treatment 
resistant-depression, and has shown promise for diseases such as rheumatoid arthritis, systemic 
lupus erythematosus, Crohn’s disease, and hypertension (Beekwilder and Beems, 2010). A 
limitation of current approved therapeutics for vagus nerve stimulation is that they rely on 
surgically implanted electrodes, which can result in significant complications (Kahlow and 
Olivecrona, 2013). Our data support the feasibility of developing a non-invasive, ultrasound-based 
device that could act as a substitute for surgical implantation of electrodes in vagus nerve targeting 
therapeutics. Importantly, we found that the axons of peripheral neurons within nerve trunks were 
reliably excited by FUS stimulation. 
We were intrigued to find that neuronal subtypes had differential sensitivities to FUS 
stimulation. Indeed, DH neurons, which are highly sensitive, low-threshold mechanoreceptors that 
innervate hair follicles, were the neurons most sensitive to FUS stimulation. By contrast, AM 
neurons, which are nociceptors that encode pain, required greater sonication energies to activate. 
Moreover, a handful of neurons displayed non-monotonic dose response relationships to FUS 
stimulation, and were suppressed at larger stimulation magnitudes. Together, these studies suggest 
that certain FUS parameter combinations might efficiently selectively activate, or suppress, action 
potential firing in subsets of neurons. This result further solidifies the therapeutic potential of FUS 
neuromodulation, as one might be able to selectively target neurons within mixed nerves. The 
vagus nerve, for example, contains afferent and efferent neurons that innervate the majority of 
visceral tissues, such as the heart, lung and gut, as well as immune organs. Pathologies of specific 
organs, or organ systems, might require non-invasive and selective neuromodulation of the vagal 




Animal use was conducted according to guidelines from the National Institutes of Health’s 
Guide for the Care and Use of Laboratory Animals and was approved by both the Institutional 
Animal Care and Use Committee of Columbia University Medical Center and the Animal Care 
and Use Review office of United States Army Medical Research and Materiel Command. 
Animals 
Female, 7-13 week old C57BL/6 mice were used for experiments (Jackson Labs). Mice were 
maintained on a 12 h light/dark cycle, and food and water was provided ad libitum. Euthanasia 
was performed with isoflurane inhalation followed by cervical dislocation.  
Ultrasound stimulation 
FUS was delivered with a commercial focused ultrasound transducer with a 3.57 MHz center 
frequency (35 mm focal depth; SU-107, Sonic Concepts). Driving signals were delivered by a 
function generator (33220A, Keysight Technologies) and amplified through a 150 W amplifier 
(A150, Electronics & Innovation). To calibrate the transducer (Table 3.3), beam plots were 
acquired using a fiber-optic hydrophone (HFO690, Onda). The transducer was mounted on a 3D 
motorized XYZ positioner (Bislide, Velmex). After locating the center of the ultrasound focus, 2D 
raster scans in both XY and XZ planes were acquired (100 cycle bursts and a 10 Hz pulse repetition 
frequency). 
To deliver targeted FUS stimulation of neurons, we constructed a custom immersion cone, 
equipped with guide lasers (VLM-650-01 LPA, Quarton USA) to identify the ultrasound focus. 
The cone was filled with degassed water and the tip was sealed with a thin plastic membrane 
(CE0434, EMT Medical Co). Using the intersection of the lasers as a guide, the focus of the 
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transducer was positioned with a 3D micromanipulator (MPC-200, Sutter Instrument) directly on 
the receptive field or the saphenous nerve trunk. To ensure continuous coupling of the transducer 
to the target, a small volume of bath solution was maintained between the tip of the immersion 
cone and the target surface.  
FUS parameters employed were: stimulus duration (0.1–2.0 ms, 0.1–0.5 ms steps), intensity 
(11-743 W/cm2, 25–60 W/cm2 steps), US frequency (3.57 MHz), and inter-stimulus interval (5 s). 
Simulus order was typically from short-to-long duration and low-to-high intensity. The latency of 
FUS-evoked action potentials was measured from the FUS trigger to action potential peak.  
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Table 3.3. US transducer calibration table.  	
Input Voltage 
(mV) 






10 0.2 -0.2 0.1 
20 0.3 -0.3 0.6 
30 0.4 -0.4 3.5 
40 0.6 -0.4 6.1 
50 0.7 -0.5 9.4 
60 0.9 -0.6 13.7 
70 1.1 -0.7 19.1 
80 1.2 -0.7 24.9 
90 1.5 -0.8 32.4 
100 1.7 -0.9 39.8 
110 2.0 -1.0 48.5 
120 2.3 -1.0 57.9 
130 2.7 -1.1 69.4 
140 3.2 -1.1 81.9 
150 3.6 -1.2 95.1 
160 4.0 -1.2 108.9 
170 4.3 -1.3 128.2 
180 4.6 -1.3 141.2 
190 4.6 -1.4 144.2 
200 4.8 -1.4 163.2 
210 5.1 -1.5 167.7 
220 5.2 -1.6 181.2 
230 5.6 -1.6 203.1 
240 5.6 -1.7 216.6 
250 6.0 -1.8 233.4 
260 6.1 -1.8 236.1 
270 6.2 -1.9 249.0 
280 6.4 -1.9 260.2 
290 6.5 -1.9 266.2 
300 6.8 -1.9 267.8 
310 6.9 -2.0 300.1 
320 6.8 -2.0 317.2 
330 6.9 -2.1 322.2 
340 7.0 -2.1 345.4 
350 7.0 -2.1 345.5 
360 7.4 -2.2 346.5 
370 7.5 -2.2 350.4 
380 7.2 -2.2 346.9 
390 6.9 -2.2 367.4 
400 7.0 -2.3 374.1 
410 7.1 -2.3 376.8 
420 7.2 -2.4 413.7 
430 7.2 -2.3 396.4 
440 7.5 -2.4 393.4 
450 7.6 -2.4 405.5 
460 7.7 -2.5 416.2 
470 7.6 -2.5 424.5 
480 7.8 -2.4 428.7 
490 7.6 -2.5 451.1 
500 8.5 -2.5 486.0 
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510 8.1 -2.5 431.0 
520 7.4 -2.5 573.7 
530 7.3 -2.6 453.3 
540 7.6 -2.5 483.4 
550 7.5 -2.5 485.9 
560 7.7 -2.6 501.1 
570 8.4 -2.6 510.4 
580 8.8 -2.6 575.6 
590 7.4 -2.6 494.1 
600 8.2 -2.7 544.9 
610 8.5 -2.6 469.1 
620 8.6 -2.7 576.1 
630 7.9 -2.6 499.5 
640 8.7 -2.7 496.7 
650 9.0 -2.7 606.3 
660 9.0 -2.7 605.0 
670 8.1 -2.7 539.9 
680 9.0 -2.8 587.3 
690 9.2 -2.7 511.6 
700 8.7 -2.8 609.5 
710 8.9 -2.8 582.0 
720 8.7 -2.8 528.6 
730 9.0 -2.8 543.7 
740 9.1 -2.9 644.3 
750 8.9 -2.8 532.4 
760 9.3 -2.8 666.9 
770 9.2 -2.7 595.2 
780 9.3 -2.8 606.4 
790 9.3 -3.0 670.5 
800 10.0 -3.0 762.6 
810 10.0 -3.3 783.8 
820 9.6 -3.0 746.3 
830 10.1 -2.1 778.5 
840 10.2 -3.0 719.2 
850 9.4 -3.0 695.4 
860 9.6 -3.0 699.1 
870 9.3 -3.0 684.7 
880 10.3 -3.0 795.4 
890 10.2 -3.3 672.7 




Ex vivo skin-nerve electrophysiology 
Action potentials from teased nerve fibers were recorded after dissecting the mouse hindlimb 
skin and saphenous nerve according to published methods Wellnitz et al., 2010. Tissue was placed 
epidermis-side-up in a custom chamber and perfused with carbogen-buffered synthetic interstitial 
fluid (in mM: 108 NaCl, 3.5 KCl, 0.7 MgSO4, 26 NaHCO3, 1.7 NaH2PO4, 9.5 sodium gluconate, 
5.5 glucose, 7.5 sucrose, and 1.5 CaCl2, saturated with 95% O2-5% CO2; pH 7.4) kept at 32 °C 
with a temperature controller (TC-344B, Warner Instruments). The nerve was kept in mineral oil 
in a recording chamber, teased, and placed onto a recording electrode connected with a reference 
electrode to a differential amplifier (model 1800, A-M Systems). The extracellular signal was 
digitized using a PowerLab 8/35 board (AD Instruments) and recorded using LabChart software 
(AD Instruments). Sampling frequencies were 20 kHz or 40 kHz.  
Single units and their receptive fields were identified using mechanical search with a blunt 
glass probe. Once isolated, afferents were characterized based on mechanical threshold, receptive 
field characteristics, CV and adaptation properties to sustained mechanical stimuli. Mechanical 
threshold was measured by stimulating receptive fields with calibrated von Frey monofilaments. 
Receptive fields and responses to hair movement were evaluated under stereomicroscopy, by 
deflecting individual hairs with fine forceps (Model SZX16; Olympus). CV was estimated based 
on electrical stimulation of receptive fields delivered from a pulse stimulator (Model 2100, A-M 
Systems). CV was calculated as the quotient of distance between the stimulus and recoding 
electrodes, and the latency of the action potential peak from the stimulus artifact. To assess 
adaptation properties, receptive fields were stimulated with a custom-built, computer controlled 
mechanical stimulator (tip diameter: 1.6 mm). 
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Sensory afferent classification 
Mechanosensory afferents were classified into five subtypes based on physiological response 
properties (Table 3.1): Ab rapidly adapting (Ab-RA), Ab slowly adapting (Ab-SA), D-hair 
mechanoreceptor (DH), A-fiber mechanonociceptor (AM), and C-fibers. Classification was 
performed based on criteria modified from (Koltzenburg et al., 1997): Ab-RA fibers, CV>~10 m/s, 
no response to zig-zag hair movement, RA responses to 5-s mechanical stimulation; Ab-SA fibers, 
CV>~10 m/s, responded to touch dome indentation and/or hair movement, sustained responses to 
5-s mechanical stimulation; DH fibers, CV≥1 m/s and ≤10 m/s, responses to zig-zag hair 
movement;. AM fibers, CV≥1 m/s and ≤10 m/s, no response to hair movement, and SA responses 
to 5-s mechanical stimulation; C-fibers, CV<1 m/s.  
Data analysis 
Spike sorting and data analysis was performed in Matlab. Spikes were sorted based on the 
following parameters: positive peak amplitude, negative peak amplitude, positive peak rise time, 
spike width, and negative peak decay time. Sorted waveforms were then averaged to generate a 
template, which was then compared back to the sorted waveforms with correlation analysis. Spikes 
kept for further analysis had correlation coefficients of >0.97 in A-fibers and >0.85 in C-fibers.  
Action potential probability was calculated for each FUS parameter combination delivered to 
each recorded neuron. To generate aggregate parameter exploration data (Figs. 3.1, 3.2), action 
potential probabilities for each sampled FUS parameter combination were averaged across fibers. 
Given that the parameters delivered to each recorded fiber varied, only parameters that were 
delivered to at least two fibers were considered for further analysis. To generate continuous surface 
plots, probability data was interpolated with the “scatteredInterpolant” function using “linear” 
interpolation. Sonication energy was calculated from aggregate FUS parameter-probability 
datasets using following function: 
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𝑆𝑜𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛	𝐸𝑛𝑒𝑟𝑔𝑦	(	𝐽) = 𝐼 × 𝜋𝑟T × 𝑡	𝐼 = 	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦	(𝑊 𝑐𝑚T⁄ ); 𝑟 = 𝑈𝑆	𝑓𝑜𝑐𝑎𝑙	𝑟𝑎𝑑𝑖𝑢𝑠	(𝑐𝑚); 𝑡 = 𝑠𝑜𝑛𝑖𝑐𝑎𝑡𝑖𝑜𝑛	𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛	(𝑠)	
Sonication energy was fit with the following dose-response function (note, the “bottom” 
variable is fixed to 0): 𝑦 = 𝑎1 + 10)*(,-./0 Y)	4	56	×	19 𝑎 = 𝑇𝑜𝑝; 𝑏 = 𝐸𝐶CD; 𝑐 = 𝑠𝑙𝑜𝑝𝑒	
Statistical analysis 
Statistical analysis was performed in Matlab (MathWorks) and Prism (Graphpad). Statistical 
parameters are described in figure legends. Paired student’s two-tailed t test was used to compare 
means of two normally distributed, paired groups. Wilcoxen Signed Rank Test was used to 
compare the medians of two non-parametric groups. Non-parametric data with three or more 
groups were analyzed using the Kruskal-Wallis test. Correlations between non-parametric groups 
was computed using Spearman’s rank-order correlation. The normality of population data was 
assessed using the Kolmogorov-Smirnov test with Dallal-Wilkinson-Lilliefors P values, with 
P<0.05 indicating non-normality. Differences were considered significant if P<0.05. All 
significance tests were justified considering the experimental design.  
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CHAPTER IV: CONCLUSIONS AND FUTURE DIRECTIONS 
 
Over the course of my thesis work, I have performed research on two seemingly disparate 
topics: the molecular mechanisms of how specialized epithelia interact with sensory neurons, and 
developing the methodology to non-invasively modulate the PNS. This body of work has conferred 
me with perspective and awe of the profound importance of the PNS, which is not only the arm of 
the nervous system dedicated to detect our external worlds, but also the effector pathway that 
enables us to regulate diverse organ function in both health and disease. 
My studies concerning the Merkel cell-neurite complex revealed that epidermal Merkel cells 
form excitatory adrenergic synapses with sensory neurons to convey tactile stimuli, and cement 
Merkel cells as members of the growing group of specialized sensory epithelia that form bona fide 
synapses to modulate neural function. Our findings indicate that b2ARs might be expressed in 
multiple subtypes of DRG neurons, suggesting that b2-adrergic signaling may play a broader role 
in regulating neuronal excitability than previously suspected. Future studies are need to elucidate 
this possibility, and the molecular mechanisms that act downstream of b2ARs to excite neurons. 
We now know that specialized epithelia are critical for the exteroceptive senses of vision, 
hearing, taste and touch, as well as interoceptive detection of gastro-intestinal function. 
Interestingly, evidence suggests that additional neural-epithelial synapses might occur. One such 
putative synapse exists within the pulmonary epithelium. Specialized pulmonary epithelia, termed 
pulmonary neuroendocrine cells (PNECs), form tight associations with vagal efferents and 
afferents within structures known as neuroepithelial bodies (Brouns et al., 2009). PNECs, which 
are excitable cells that possess voltage-activated Ca2+, Na+, and K= currents, detect oxygen, 
chemical stimuli, and mechanical stretch (Wang et al., 1996; Fu et al., 1999; Cutz et al., 2009; 
Cutz et al., 2013). In vitro experiments revealed that PNECs release 5HT upon stimulation, and 
may also release other neuromodulatory molecules such as ATP and acetylcholine; however, 
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whether these molecules represent paracrine signaling to neural or other epithelial cells, or bona 
fide synaptic transmission is still debated (Fu et al., 1999; Cutz et al., 2013). Future studies are 
needed to reveal the molecular mechanisms these specialized lung epithelial cells employ to 
modulate neural function, as well as to understand the full complement of epithelial-neural 
interactions that occur in our bodies as essential peripheral synapses.  
Lastly, I studied if high-intensity sonication with FUS could be used to non-invasively 
modulate PNS activity. We found that FUS efficiently activated multiple subtypes of peripheral 
neurons, which along with multiple studies in the central nervous system, promotes the use of FUS 
a non-invasive neuromodulatory therapeutic (Tyler et al., 2018). A limitation of our study is that 
we focused on mechanosensory neurons, whereas many other peripheral neurons, including some 
of those in the vagus nerve, are not mechanosensitive. Further studies are needed to determine if 
the parameters we employed in mechanosensory neurons also modulate activity in other neural 
subtypes in the PNS. Additionally, recent and current bio-engineering efforts strive to further 
improve both the spatial resolution as well as the focusing of FUS to optimize translational 
applicability (Mehic et al., 2014; Cummer et al., 2016). Moreover, next generation ultrasound 
transducers, such as capacitive or piezoelectric micromachined ultrasonic transducers, can be 
fabricated in many different shapes and sizes, including arrays being formed on flexible, wearable 
materials (Khuri-Yakub and Oralkan, 2011; Lani et al., 2016). Future studies are needed to 
determine if these ultrasonic technologies can be combined with basic research to establish safe 
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APPENDIX I: GLOSSARY OF TERMS 
Afferent A neuron that carries sensory information from peripheral organs to the 
central nervous system. 
Central nervous 
system 
The collection of neurons whose ganglia reside within the brain and spinal 
cord. 
Dermis A deep layer of skin mainly composed of fibroblasts and extracellular matrix 
proteins. 
Dorsal root ganglia Clusters of somatosensory neuron cell bodies that flank the spine. 
Efferent A neuron that carries information from the central nervous system to peripheral 
sites. 
Epidermis An epithelial cell type that forms the most superficial layer of skin. 
Epithelia A broad class of cells that line the external and luminal surfaces of organs. 
Exteroception The sensation of external stimuli. This includes audition, vision, gustation, 
somatosensation, olfaction and the vestibular sense. 
Ganglia A structure containing a number of neural cell bodies. 
Hair cells Mechanosensory cells that relay information about head position and sound 
and water flow to sensory neurons.  
Interoception The sensation of internal stimuli, including visceral, immune and other organs. 
Intervertebral 
foramina 
The space between two vertebrae that houses dorsal root ganglia. 




Somatosensory neurons that transduce gentle touch stimuli. 
High-threshold 
mechanoreceptors 




Epidermal cells that display features of mechanosensory receptor cells and 
form synapse-like connections with a particular type of tactile afferent 
Nociceptors Sensory neurons that transduce noxious, or potentially tissue damaging, 





The collection of neurons whose ganglia reside outside of the brain and spinal 
cord. 
Proprioception The sense of limb position and muscle stretch conferred by sensory neurons 
innervating muscle and tendons. 
Somatosensation An exteroceptive sensation that includes the detection of tactile, thermal, 
pruritic and nociceptive stimuli. 
Taste cells Specialized sensory cells that detect salty, sour, sweet, bitter and umami tastes. 
Touch domes Specialized raised epithelial structures that are found surrounding guard hairs. 
These structures contain Merkel cells and the neurons that innervate them are 
sensitive to gentle pressure on the skin surface.  
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APPENDIX II: KEY RESOURCES TABLE 
 
REAGENT or RESOURCE SOURCE IDENTIFIER Chs. 
Antibodies 




Cat# TROMA-I, RRID:AB_531826 II 
Chicken polyclonal anti-NFH Abcam Cat# ab4680, RRID:AB_304560 II 
Chicken polyclonal anti-GFP Abcam Cat# ab13970, RRID:AB_300798 II 
Rabbit polyclonal anti-NFH Abcam Cat# ab8135, RRID:AB_306298 II 
Rabbit polyclonal anti-VAMP2 Abcam Cat# ab3347, RRID:AB_2212462 II 
Rabbit polyclonal anti-b2-AR Santa Cruz Biotechnology Cat# sc-569, RRID:AB_630926 II 
Rabbit polyclonal anti-TH Millipore Cat# AB152, RRID:AB_390204 II 
Rabbit polyclonal anti-DBH Immunostar Cat# 22806, RRID:AB_572229 II 
Rabbit polyclonal anti-DsRed Clonetech Laboratories Cat# 632496, RRID:AB_10013483 II 
Goat anti Rat polyclonal Alexa-
488 
Thermo Fisher 
Scientific Cat# A-11006, RRID:AB_141373 II 
Goat anti Rat polyclonal Alexa-
594 
Thermo Fisher 
Scientific Cat# A-11007, RRID:AB_10561522 II 
Goat anti Rat polyclonal Alexa-
647 
Thermo Fisher 
Scientific Cat# A-21247, RRID:AB_141778 II 
Goat anti Chicken polyclonal 
Alexa-488 
Thermo Fisher 
Scientific Cat# A-11039, RRID:AB_142924 II 
Goat anti Chicken polyclonal 
Alexa-594 
Thermo Fisher 
Scientific Cat# A-11042, RRID:AB_142803 II 
Goat anti Chicken polyclonal 
Alexa-647 
Thermo Fisher 
Scientific Cat# A-21449, RRID:AB_2535866 II 
Goat anti Rabbit polyclonal 
Alexa-488 
Thermo Fisher 
Scientific Cat# A-11008, RRID:AB_143165 II 
Goat anti Rabbit polyclonal 
Alexa-594 
Thermo Fisher 
Scientific Cat# A-11037, RRID:AB_2534095 II 
Goat anti Rabbit polyclonal 
Alexa-647 
Thermo Fisher 
Scientific Cat# A-21450, RRID:AB_141882 II 
Chemicals, Peptides, and Recombinant Proteins 
Dispase Thermo Fisher Scientific Cat# CB-40235 II 
O.C.T. Compound Tissue-Tek Cat# 4583 II 
Triton X-100 Sigma Aldrich Cat# T9284 II 
Fluoromount-G Thermo Fisher Scientific Cat# 00-4958-02 II 
FM1-43 Biotium Cat# 70022 II 
Norepinephrine Tocris Cat# 5169 II 
Serotonin Hydrochloride Tocris Cat# 3547 II 
Dopamine Hydrochloride Sigma Aldrich Cat# H8502 II 
L-Glutamic Acid Sigma Aldrich Cat# G1251 II 
ICI 118,551 Hydrochloride Tocris Cat# 0821 II 
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Fura-2, AM Thermo Fisher Scientific Cat# F1221 II 
Pluronic F-127 Thermo Fisher Scientific Cat# P3000MP II 
w-Conotoxin MVIIC Sigma Aldrich Cat# C4188 II 
Nimodipine Tocris Cat# 0600 II 
FFN206 Tocris Cat# 5043 II 
Reserpine Tocris Cat# 2742 II 
Critical Commercial Assays 
RNeasy Mini Kit  Qiagen Cat# 74104 II 
Ovation RNA-Seq System V2 Nugen Cat# 7102-32 II 




Diagnostics Cat# 320850 II 
Deposited Data 
RNA-seq Data Chapter II GEO: GSE114336 II 
Mendeley Dataset Chapter II http://dx.doi.org/10.17632/gwd4p9dc8z.1 II 
Experimental Models: Organisms/Strains 
Mouse: Atoh1GFP: B6.129S-
Atoh1tm4.1Hzo/J Rose et al., 2009 RRID:MGI:4418333 II 
Mouse: ThGFP: Tg(Th-
EGFP)21-31Koba 
Matsushita et al., 
2002 RRID:IMSR_RBRC02095 II 












Laboratory RRID:IMSR_JAX:008681 II 
Mouse: 5HT3A-EGFP: 
Tg(Htr3a-EGFP) Gong et al., 2003 RRID:MMRRC_000273-UNC II 
Mouse: Atoh1nGFP: Tg(Atoh1-
GFP)1Jejo 
Lumpkin et al., 
2003 MGI:3703598 II 
Mouse: R26TeNT: 
Gt(ROSA)26Sortm2(GFP/tetX)Gld 
Zhang et al., 




Laboratory RRID:IMSR_JAX:022137 II 
Mouse: TrkCtdTomato: 
Ntrk3tm2.1Ddg Bai et al., 2015 RRID:MGI:5707229 II 
Mouse: B2ARflox: Adrb2tm1Kry Hinoi et al., 2008 MGI:3837346 II 
Oligonucleotides 
Adrb2 probe channel 3 Advanced Cell Diagnostics Cat# 449771-C3 II 
Software and Algorithms 






DEseq2 Love et al., 2014 https://bioconductor.org/packages/release/bioc/html/DESeq2.html II 
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Image J Schneider et al., 2012 https://imagej.nih.gov/ij/index.html II 
Matlab 2017b MathWorks www.mathworks.com II, III 
Custom Spike Sorting Software Hoffman and Lumpkin, 2018 
https://github.com/buh2003/SpikeSorting
PCA_DBSCAN II 
Metafluor v7.6.3 Molecular Devices https://www.moleculardevices.com II 
Prism v7.0b GraphPad www.graphpad.com II, III 
Other 




APPENDIX III: SUPPLEMENTAL FILES 
Appendix III.1. Differentially Expressed Genes, Merkel Cells versus Basal Keratinocytes 
https://tinyurl.com/yxkyp8qh 
Appendix III.2. Core Presynaptic Gene List 
https://tinyurl.com/yyt3uwv3 
Appendix III.3. Calcium Imaging, High-K+ Depolarization 
https://tinyurl.com/yyyya9xb 
Appendix III.4. Calcium Imaging, Mechanical Stimulation 
https://tinyurl.com/y4tmj2un 










APPENDIX IV: 3D DESIGNS 
Appendix IV files are available at: 
https://github.com/buh2003/Dissertation/tree/master/Appendices/Appendix%20IV 
Skin-nerve chamber 4 Pins 
Skin-nerve chamber 10 Pins 
Skin-Nerve chamber platform 
Immersion cone (SU-107 transducer) 
SU-107 mount for Sutter micromanipulator 
Aurora force transducer mount for Sutter micromanipulator 
In vivo recording platform 
In vivo extracellular recording bath 
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APPENDIX V: SOFTWARE 
SpikeSortingPCA_DBSCAN 
Spike sorting implemented with principal component analysis (PCA) and density-based spatial 
clustering of applications with noise (DBSCAN) for extracellular differential electrode recordings. 
The primary functionality of this software package is for analyzing mechanical stimulation 





APPENDIX VI: PROTOCOLS 
Semi-intact epidermal peel preparation 
Materials: 
1. Depilatory cream (Surgicream) 
2. Ringers Solution 
a. Recipe (in mM): 
140 NaCl, 5 KCl, 10 HEPES, 10 D-Glucose, 2 MgCl2, 2 CaCl2 (osmolality: 
290 mmol/kg; pH 7.4) 
3. Dispase Solution (approximately 8 mL per adult mouse): 
a. 1 part Ringers 
b. 1 part Dispase (Thermo Fisher Scientific; Cat# CB-40235) 
4. 18 mm Ø glass coverslips (or change to fit experimental setup) 
5. 90 mm Ø petri dish 
6. 35 mm Ø petri dish 
7. Optional: Superglue (ex. 3M Scotch) 
Procedure: 
1. Select animal. Use exclusively non-hair cycling (telogen) skin (~P3-7, ~P18-21, ~8-10 
weeks). 
2. Euthanize, shave, and apply depilatory cream to the dorsal skin of the mouse (note: this 
protocol can be used on ventral skin as well). Gently and briefly massage the depilatory 
cream so that it is evenly distributed. Over-working the cream can damage the skin. 
Leave cream on for 5-7 minutes. 
3. Rinse the skin thoroughly with running water. Dry the skin thoroughly. 
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4. Dissect the depilated skin from the mouse.  
5. Place dissected skin into a 90 mm petri dish epidermis side up. Use forceps to spread 
the skin into a flat configuration.  
 
Steps 6-10: Work quickly, skin will desiccate upon prolonged exposure to air. Do not 
submerge in solution, this will compromise the “stickiness” of the epidermis.  
 
6. Using a scalpel, scrape connective tissue and hypodermal fat from the skin sample. 
This will help flatten the sample, and promote proteolytic digestion of the basal lamina. 
7. Trim skin to appropriate size for the experiment. It is optimal to cut into squares or 
rectangles, as they are easier to peel (ex. 1 cm x 1 cm square). 
8. Optional: Apply a small drop (~1 µL) of superglue to the coverslip. This will be used 
to pin a corner of the skin to the coverslip. Cells in this area cannot be imaged as the 
glue is autofluorescent. 
9. Mount skin onto coverslip epidermis side down. Spread the skin out with forceps. Use 
the rounded back end of a dissection tool to press and spread the skin onto the coverslip, 
ensuring there are no folds or air bubbles below the skin. Let skin air-dry onto the 
coverslip for 30-60 seconds. 
10. Place mounted skin into the smallest possible dish (ex. a 35 mm dish for an 18 mm 
coverslip). Submerge in dispase solution (~3 mL).  
11. Incubate sample on an orbital shaker at room temperature. Cover to shield from light. 
Incubation times vary depending on the age of the mouse from which the skin was 
harvested and the proteolytic quality of the batch of dispase. As a general rule, for P3-
7 mice start with 30 minutes, P18-21 mice 45-60 minutes, and 8-10 week mice 60-90 
minutes. 
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12. Using forceps, gently peel away dermal layer. It is best to pull the dermis in a direction 
parallel with the coverslip. Pulling the dermis upwards may dislodge the epidermal 
layer from the coverslip. Discard the dermal layer. 
13. Rinse the epidermal preparation with Ringers. 
14. The peel is now ready for live-imaging, staining, or electrophysiology. Samples can be 
stored in Ringers in a dark container at 4oC for up to 4 hours without apparent 
degradation.  
 
 
